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 Abstract 
A range of brominated flame retardants (BFRs) have been incorporated into plastics, electronic 
equipment, foams and textiles. Among the most common of these, polybrominated diphenyl ethers 
(PBDEs), have come under a great deal of scientific and regulatory scrutiny due to their persistence 
in the environment, bioaccumulation potential and toxicity. With bans and manufacture withdrawals 
of PBDEs occurring in many nations over the past 15 years, replacement flame retardants often 
referred to as “novel” brominated flame retardants (NBFRs) have been employed in consumer goods 
and products. These compounds are structurally similar to PBDEs and share similar 
physicochemical properties to their predecessors. Consequently, NBFRs are being detected in 
environmental and biotic matrices, including humans, with increasing regularity. At present, 
however, the legislative mechanisms which regulate and restrict the use of PBDEs do not apply to the 
most common NBFRs. 
The objective of this thesis has been to investigate the occurrence and fate of PBDEs and NBFRs 
in Australian indoor and outdoor environments. Central to this work has been the focus of 
elucidating major pathways of human exposure to the emerging compounds in relation to their 
banned legacy counterparts.  
The early stages of this project entailed the development and optimization of extraction and 
quantitation protocols using selective pressurized liquid extraction (S-PLE) and gas chromatography 
coupled to tandem mass spectrometry (GC-MS/MS). Using these methods, analysis revealed that both 
PBDEs and NBFRs are widespread in the surface soils of the city of Melbourne, Australia. These were 
the first measurements of PBDEs or NBFRs in Australian soils and provided baseline data against 
which to assess the implications of new health investigation levels (HILs) legislated in 2013. The 
survey of urban soils revealed a number of key potential sources to soils, including polymer 
manufacturing and waste disposal processes such as incineration and landfill. Among the land-uses 
studied however, contamination at electronic and electrical waste (e-waste) recycling facilities was 2-
3 orders of magnitude greater than the levels at other examined point-sources. A follow-up study 
investigating the spatial distribution of PBDEs and NBFRs in soils around these facilities determined 
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 strong evidence that e-waste recycling in Melbourne did in fact have the potential to contaminate 
land over distances up to 900 m, with concentrations in soil decreasing exponentially with distance 
from the source. 
The final aim of this research was to investigate the concentrations of PBDEs and NBFRs in 
indoor dust from homes, offices and vehicles in Melbourne and estimate human exposure via dust 
inhalation and ingestion. This study provided the first wide-ranging survey of NBFRs in indoor dust 
in Australia and offered further evidence of PBDE contamination in indoor environments. While 
PBDE contamination remained greater than that of replacement flame retardants, NBFRs were 
ubiquitously identified in samples. Key findings within this work suggested that the presence of some 
PBDE mixtures has been succeeded by certain NBFRs in materials from homes and offices and in 
vehicles. Exposure estimates calculated from the concentrations measured in dust revealed the 
majority of exposure to occur in the home for both adults and toddlers while toddlers were predicted 
to experience a dust-derived body burden of PBDEs and NBFRs 1 to 2 orders of magnitude above that 
of adults.  
As banned PBDE mixtures continue to be replaced by NBFRs in consumer goods manufactured 
in, or imported to Melbourne, ongoing environmental monitoring and toxicological studies are 
required in order to better assess the risks to human health and the environment. 
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 Chapter 1. 
General introduction to polybrominated diphenyl 
ethers (PBDEs) and novel brominated flame retardants 
(NBFRs) 
1.1 Introduction 
A range of brominated flame retardants (BFRs) have been incorporated into plastics, electronic 
equipment, foams and textiles. Among the most common of these, polybrominated diphenyl ethers 
(PBDEs), have come under a great deal of scientific and regulatory scrutiny due to their long-range 
atmospheric transport potential (LRAT) (Zhao et al., 2009; Davie-Martin et al., 2016), persistence in 
the environment (Litz, 2002; Law et al., 2014), and toxicity (ATSDR, 2004). Ubiquitous environmental 
contamination has been indicated in studies from around the world, with PBDEs frequently detected 
in air, soils and sediments (Law et al., 2014). Toxicological reports have shown a range of adverse 
effects in humans and animals from exposure to the substance at environmentally relevant 
concentrations, such as endocrine disruption (Leonetti et al., 2016; Ghassabian & Trasande, 2018) 
and developmental neurotoxicity (Eskenazi et al., 2013; Vuong et al., 2018). In light of environmental 
and human health hazards, PBDEs have been subject to legislated bans and voluntary withdrawal by 
manufacturers in North America, Europe and Australia over the past decade. Restriction and 
regulation of PBDEs, however, has driven a rise in production and use of “novel” brominated flame 
retardants (NBFRs). As many as 75 novel BFRs have been commercially produced to replace PBDEs, 
while a subset of these have been identified as compounds of emerging concern (Table 1) according 
to global production volume, environmental prevalence and toxicity criteria (de Wit et al., 2010; 
Covaci et al., 2011; Ezechiáš et al., 2014). 
Analysis of polymers and materials has shown that NBFRs are generally present in the same 
types of materials as PBDEs. The compounds listed in Table 1 have been implemented in electronic  
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 Table 1. Selected PBDEs and NBFRs of environmental concern. 
Compound Abbreviation* Molecular Formula CAS 
2,4,4ʹ-Tribromodiphenyl ether BDE-28 C12H7Br3O 41318-75-6 
2,2ʹ,4,4ʹ-Tetrabromodiphenyl ether  BDE-47 C12H6Br4O 5436-43-1 
2,2ʹ,4,4ʹ,5-Pentabromodiphenyl ether BDE-99 C12H5Br5O 60348-60-9 
2,2ʹ,4,4ʹ,6-Pentabromodiphenyl ether BDE-100 C12H5Br5O 189084-64-8 
2,2ʹ,4,4ʹ,5,5ʹ-Hexabromodiphenyl ether BDE-153 C12H4Br6O 68631-49-2 
2,2ʹ,4,4ʹ,5,6ʹ-Hexabromodiphenyl ether BDE-154 C12H4Br6O 207122-15-4 
2,2ʹ,3,4,4ʹ,5ʹ,6-Heptabromodiphenyl ether BDE-183 C12H3Br7O 207122-16-5 
Decabromodiphenyl ether BDE-209 C12Br10O 1163-19-5 
Pentabromotoluene PBT C7H3Br5 87-83-2 
Pentabromoethylbenzene PBEB C8H5Br5 85-22-3 
Hexabromobenzene HBB C6Br6 87-82-1 
2-ethylhexyl-2,3,4,5-tetrabromobenzoate EH-TBB C15H19Br4O2 183658-27-7 
Bis(2-ethylhexyl) tetrabromophthalate BEH-TEBP C24H34Br4O4 26040-51-7 
1,2-Bis(2,4,6-tribromophenoxy)ethane BTBPE C14H8Br6O2 37853-59-1 
Decabromodiphenyl ethane DBDPE C14H4Br10 84852-53-9 
* NBFR abbreviation standard proposed by Bergman et al. (2012). 
 
 
and electrical equipment and soft furnishings such as couch foam (Stapleton et al., 2012). Detection 
in children’s toys (Chen et al., 2009), kitchen utensils and cookware (Samsonek & Puype, 2013; Puype 
et al., 2015) reveals that NBFRs can also be incorporated into goods inadvertently via recycling of 
polymers originally used in applications which required the deliberate use of BFRs. These findings 
relate to products purchased from Asian, European and North American markets, indicating a global 
uptake of the new flame retardants. The structural and physicochemical properties that allow NBFRs 
to replace PBDEs in polymers may also translate to similar environmental release and fate. Like 
PBDEs, most NBFRs are not chemically bound within polymers. They also have comparable vapour 
pressures and log KOW values to PBDEs. These properties give many NBFRs a high potential for LRAT 
and persistence in soils, sediments and biota (Kuramochi et al., 2014a). 
A number of NBFRs have been detected in atmospheric samples from Europe, USA, Asia and 
Africa at concentrations similar to and exceeding those of PBDEs (Hoh et al., 2005; Shi et al., 2009; 
Arinaitwe et al., 2014; Newton et al., 2015). Significantly, Möller et al. (2011) determined a variety of 
NBFRs to exist at higher concentrations than PBDEs in air sampled from Arctic marine atmospheres, 
far from pollution sources. As with PBDEs, evidence suggests that most NBFRs are undergoing net 
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 atmospheric deposition to land (Hermanson et al., 2010; Newton et al., 2014; Salamova et al., 2014). A 
comprehensive analysis by Newton et al. (2015) of PBDEs and NBFRs in air, dust and soil of 
Stockholm, Sweden, showed that an urban “pulse” in atmospheric concentrations were correlated 
with increased soil contamination levels for higher brominated flame retardants. 
Table 2. Chemical structures of selected PBDEs and NBFRs. 
Compound         Structure Compound       Structure 
BDE-28 
 
PBT 
 
BDE-47 
 
PBEB 
 
BDE-99 
 
HBB 
 
BDE-100 
 
EH-TBB 
 
BDE-153 
 
BEH-TEBP 
 
BDE-154 
 
BTBPE 
 
BDE-183 
 
DBDPE 
 
BDE-209 
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 NBFR soil contamination has been reported in industrial, urban and remote soils (Drage et al., 
2016; Wei et al., 2016; Matsukami et al., 2017). Despite indications that atmospheric deposition of 
NBFRs to soils is occurring, current global soil contamination rates are not well characterized. An 
increasing number of studies have also shown the new compounds to be accumulating in aquatic 
and terrestrial animals in many environments, including the Arctic (Karlsson et al., 2006; de Wit et 
al., 2010; McKinney et al., 2011; Klosterhaus et al., 2012; Munschy et al., 2015). Appreciable levels of 
certain NBFRs have also been detected in human milk and blood (Dallaire et al., 2009; Ali et al., 
2013b; Mannetje et al., 2013). Although detection frequency is usually low, specific compound 
concentrations have exceeded those of PBDEs in some cases (Zhou et al., 2014).  
As with PBDEs, inhalation and dietary intake appear to be major routes of human exposure to 
NBFRs (Cequier et al., 2015). NBFRs are regularly detected in indoor dust and air due to volatilization 
from household goods (Ali et al., 2013a; Brown et al., 2014). The new flame retardants are also 
commonly present in plant and animal-based foods (Liu et al., 2014; Labunska et al., 2015) and have 
even been detected in honey (Mohr et al., 2014) and baby formula (Liu et al., 2014). Unfortunately, 
toxicology data is lacking for most of these new substances. To date, experimental evidence has 
distinguished hazards characteristic of PBDEs and other organohalogen contaminants, namely 
endocrine disruption of the thyroid and reproductive systems (Johnson et al., 2013; Ezechiáš et al., 
2014; Klopčič et al., 2016). Evidence of neurotoxicity, genotoxicity and apoptosis induction in cells 
have been documented (Harju et al., 2009; Bearr et al., 2010; Sun et al., 2012), as well as physical 
effects such as decreased motor function in rabbits (Harju et al., 2009). 
This chapter summarizes the current state of scientific knowledge concerning the PBDEs and the 
selected NBFRs listed in Table 1. Given that NBFRs display similar toxicological, chemical and 
environmental behavior to PBDEs, many aspects of this review will be presented in relation to the 
banned flame retardants.  
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 1.2 Current legislation and registration 
Restrictions and regulations of established BFRs like polybrominated diphenyl ethers (PBDEs) 
have been a key driver of the rise in production and use of “new” or “novel” flame retardants. The 
earliest bans on PBDEs related to commercial penta-BDE and octa-BDE, and came into effect in the 
European Union in 2004 (EU, 2003). USA manufacturers entered into a voluntary commitment with 
the USEPA to phase out both mixtures by 2005 (Tullo, 2003; Stapleton et al., 2012) while all 
production, import and use of penta- and octa-BDE technical products were prohibited in Australia 
as of 2007 (NICNAS, 2007). China prohibited the manufacture of penta-BDE mixtures in 2004 and 
reportedly never produced octa-BDE (Ji et al., 2017). Bans and phase-out initiatives regarding the 
remaining PBDE product, deca-BDE, were introduced shortly after. According to the European 
Commission Decision 2005/717/EC, deca-BDE would no longer be used in electrical and electronic 
products after 2008, although a total PBDE concentration of 0.1% would be tolerated in homogenous 
materials (Cruz et al., 2015). Further bans on deca-BDE use in plastics and textiles where instated by 
the EU in 2017 (EU, 2017). Manufacturers and importers in the USA also committed to cease 
production and import of deca-BDE by the end of 2012 (USEPA, 2010a). Although deca-BDE remains 
unrestricted in Australia (NICNAS, 2007), it is not manufactured domestically.  
Tetra- through hepta-brominated PBDEs were listed as Persistent Organic Pollutants (POPs) 
under the United Nations Stockholm Convention in 2009 (UNEP, 2009) and the addition of deca-BDE 
commercial mixtures to the Convention followed in 2017 (UNEP, 2017).  
NBFRs listed in Table 1 are at varying stages of recognition by governmental substance control 
bodies such as the European Chemical Agency (ECHA), United States Environmental Protection 
Agency (USEPA) and the National Industrial Chemicals Notification and Assessment Scheme 
(NICNAS) of Australia. ECHA, which directs the activities of the Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH) program lists DBDPE and BEH-TEBP as 
registered substances (ECHA, 2018). Manufacturers and importers of registered substances are 
required to report information like uses, hazards and overall production volumes to REACH, 
although to the authors knowledge no restrictions currently apply to any of the Table 1 NBFRs (Cruz 
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 et al., 2015; ECHA, 2018). Unregistered substances are not subject to any monitoring or restriction in 
the EU according to REACH. 
A similar chemical classification and reporting scheme is operated in the United States by the 
USEPA. Under the Toxic Substances Control Act, the Chemical Data Access Tool contains health 
and/or pollution control documentation for each of the Table 1 NBFRs (USEPA, 2018). The USEPA has 
placed limitations on the production of DBDPE, EH-TBB and PBEB for “significant new use” such that 
manufacturers must notify the EPA prior to processing of the compounds for application not 
previously documented. This notice does not appear to limit current production volumes of DBDPE, 
EH-TBB or PBEB and none of the other NBFRs are subject to any specific regulation or restriction in 
the USA (Cruz et al., 2015; USEPA, 2018). 
NICNAS maintains the Australian Inventory of Chemical Substances (AICS), in which chemicals 
approved for manufacture or import are listed (NICNAS, 2018). PBT, PBEB and BTBPE are currently 
included in the inventory while the latter is the only NBFR to have been reviewed as part of a Priority 
Existing Chemical (PEC) assessment. The 2001 assessment covered 30 polybrominated flame 
retardants, including PBDEs, and determined that data was lacking on BTBPE to complete an 
evaluation (NICNAS, 2001). The remaining NBFRs listed in Table 1 are not formally recognised by 
NICNAS at present, but may be imported into Australia in consumer goods manufactured overseas. 
None of the Table 1 NBFRs are currently subject to restriction or regulation in Australia, under 
NICNAS.  
Information regarding chemical regulation throughout Asia is difficult to source, although there 
are currently no reports of NBFR restriction in the region within the scientific literature. 
1.3 Commercial applications and chemical properties 
Estimates of production, usage and import of brominated flame retardants have been compiled 
from the most current resources available. Most of the data has come from governmental and 
multinational agencies that manage controlled substances. Manufacturers and importers of 
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 controlled substances submit annual volumes to agencies like ECHA (Europe), USEPA (USA) and 
NICNAS (Australia), which are used to predict overall movement and demand. According to the 
compound specific regulations of each jurisdiction, both compulsory and voluntary reporting 
systems exist, which creates the possibility that some activity goes undocumented. Complicating 
estimates further is the fact that reported volumes may include pure substances, mixtures and 
brominated precursor products (NICNAS, 2001). To estimate BFR production in regions outside of 
the aforementioned regulatory administrations, scientific journal articles and manufacturer 
websites have been sought. As such, the figures presented here should only be viewed as 
approximate volumes that do not represent comprehensive evaluation of BFR global demand. 
 
Table 3. Chemical properties of selected PBDEs and NBFRs. 
Compound Molecular weight  
(g/mol) 
Vapour Pressure (Pa) 
(25°C) 
Water Solubility 
(g/L) (25°C)  
Octanol-water 
coefficient (log KOW) 
BDE-28 406.9 2.19E-03 7E-05 5.94 
BDE-47 485.8 1.86E-04 2E-06 6.81 
BDE-99 564.7 1.76E-05 9E-06 7.32 
BDE-100 564.7 2.86E-05 4E-05 7.24 
BDE-153 643.6 2.09E-06 1E-06 7.9 
BDE-154 643.6 3.80E-06 1E-06 7.82 
BDE-183 722.5 4.68E-07 2E-06 8.27 
BDE-209 959.2 9.28E-09 <1E-06 10 
PBT 486.6 1.22E-03 7.80E-04 5.87 ± 0.62 
PBEB 500.7 3.2E-04 3.50E-04 6.40 ± 0.62 
HBB 551.5 7.5E-04 
1.14E-04 
7.70E-04 5.85 ± 0.67 
EH-TBB 550.9 4.58E-06 
- 6.33E-08 
1.14E-05 -  
6.68E-05 
8.72 - 8.75 
BEH-TEBP 706.1 3.56E-07 
1.55E-11 
1.60E-06 10.2,  
10.08 ± 0.94 
BTBPE 687.6 3.88E-10 1.90E-05 7.88 ± 0.86 
DBDPE 971.2 6.0E-15 2.10E-07  11.1 
Data compiled from experimental and estimated values reported by Covaci et al. (2011), ATSDR (2004), (ICPS, 1994), 
Tittlemier et al. (2002) and USEPA (2010b). 
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 1.3.1 PBDEs 
Polybrominated diphenyl ethers (PBDEs) are a class of additive flame retardants which have been 
manufactured since the mid-1970s (ICPS, 1994). PBDEs consist of a diphenyl ether substituted with 
one to ten bromine atoms to allow for 209 possible congener configurations, designated BDE-1 to 
BDE-209 by the International Union of Pure and Applied Chemistry (IUPAC). PBDEs have been 
historically manufactured in three commercial formulas known as penta-BDE, octa-BDE and deca-
BDE, which each consist of different mixtures of the 209 congeners. Penta-BDE products such as DE-
71 and Bromkal 70-5DE consist of approximately 50-62% penta-brominated PBDEs (predominantly 
BDE-99 and -100), 24-38% tetra-BDEs (mostly BDE-47) and 4-12% hexa-BDEs (principally BDE-153 
and -154) (USEPA, 2010b). Penta-BDE was generally applied to soft or flexible polymers, most notably 
polyurethane foam, which is used in household products such as mattresses, couch cushions and 
carpet underlay. Other penta-BDE uses included textiles fabrics, polyesters, resins, laminates and 
coatings for electrical wires and circuit boards. Commercial preparations of octa-BDE, including DE-
79 and Bromkal 79-8DE, contain 43-58% hepta-brominated congeners (mostly BDE-183), 26-35% 
octa-BDEs and 8-14% nona-BDEs (USEPA, 2010b). Octa-BDE has been applied in hard plastics such 
as acrylonitrile butadiene styrene (ABS), polybutylene terephthalate (PBT) and high impact 
polystyrene (HIPS) which are used to make the outer casings of electronic and electrical equipment 
like televisions and computers as well as a range of other goods. Deca-BDE products such as Saytex 
102E and Bromkal 82-0DE are comprised almost entirely of the fully brominated BDE-209 (>90%) but 
may contain smaller proportions of nona- and octa-BDEs (La Guardia et al., 2006). Deca-BDE is the 
most versatile of the PBDE technical mixtures and has been employed in many of the flexible and 
hard polymers as penta- and octa- formulations, as well as nylon, polypropylene, polyethylene and 
unsaturated polyesters. As such, deca-BDE is common to a range of goods which include home 
furnishings, electrical components, construction materials and automotive parts. 
Records detailing production volumes of the three PBDE products are intermittent and 
incomplete. A global annual demand of 67,440 t combined PBDE formulas was estimated for 2001, 
prior to the bans on penta- and octa-BDE mixtures (BSEF, 2003; Hites, 2004). This estimate  
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 Table 4. PBDE technical products and applications. 
Compound Technical Productsa Materialsc Application Examples 
Penta-BDE DE 71 
Bromkal 70-5 DE 
Bromkal G1 
Bromkal 70 
Saytex 115 
FR 1205/1215 
Tardex 50 
Tardex 50 L 
Pentabromprop 
Flexible polyurethane, 
unsaturated polyesters, paper 
laminates, flexible polyvinyl 
chloride, rubber, paints, 
lacquers, rigid polyurethane 
foams, adhesives 
Couch foam, cushions, 
mattresses, textile fabrics, 
upholstery, automobile seat 
covers, printed circuit board 
coatings, wire coatings 
Octa-BDE DE 79 
Bromkal 7908DE 
Saytex 111 
FR 143 
FR 1208 
Tardex 80 
Adine 404 
 
ABS, HIPS, PBT, polyamide 
polymers, polycarbonate, 
nylon, polyolefin, phenol-
formaldehyde resins 
 
 
Outer casings in electrical 
and electronic goods; 
computers, television, audio 
equipment, mobile phones, 
printers, fax machines, 
Deca-BDE DE 83 
Bromkal 81 
Bromkal 82-ODE 
Bromkal 83-10 DE 
Saytex 102E 
FR 330BA 
FR P-39 
FRP 53 
FR-PE 
FR-PE(H) 
FR-300 BA 
FR-1210 
Tardex 100 
Adine 505 
AFR 1021 
Berkflam B10E 
BR55N 
Caliban F/R-P 39P 
Caliban F/R-P 44 
Chemflam 011 
DP 10F 
EB 10FP 
EBR 700 
Flame Cut BR 100 
FR P-39 
BR 100 
Planelon DB 100 
NC-1085 
HFO-102 
Hexcel PF1 
Phoscon Br-250 
ABS, HIPS, PBT, polyethylene, 
polypropylene, unsaturated 
polyesters, nylon,  
Outer casings in electrical 
and electronic goods; 
computers, television, audio 
equipment, mobile phones, 
printers, fax machines. 
Insulation of wire and 
cables, piping, capacitor 
films, construction 
materials. Lining of couches, 
chairs, office furniture. 
Compiled from USEPA (2010b) and ATSDR (2004) 
 
 
comprised of 7500 t penta-BDE, 3790 t octa-BDE and 56,150 t deca-BDE. Hites (2004) reported that 
49% of total PBDE production occurred in the Americas, 37% in Asia, 12% in Europe and 2% in the 
rest of the world. In 2012, sales of deca-BDE were estimated to be approximately 8215 t/y in the USA 
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 and between 2500-5000 t/y in Europe (VECAP, 2012; VECAP, 2013). Although manufacture of raw 
PBDEs has not taken place in Australia, estimated annual import volumes of raw penta-BDE and 
octa-BDE products prior to the 2007 bans were 72 t and 47 t, respectively, during 1998-1999 and <30 t 
and <10 t, respectively, by 2003-2004 (NICNAS, 2005). Australian deca-BDE imports were 
approximately 180 t/y in 2003-2004. Recent import data is not available for deca-BDE products 
entering Australia.  
One study assessing PBDEs in electronic and plastic goods purchased in Australia detected BDE-
183 and BDE-209 in 33 and 50% of the 48 samples to indicate the presence of octa- and deca-BDE 
(Gallen et al., 2014). Of the samples containing PBDEs, concentrations ranged from 14–2470 µg/g for 
BDE-183 and 11-88,600 for BDE-209. Ballesteros-Gómez et al. (2014) reported similar deca-BDE 
concentrations in electronic components and electrical goods as well as lower levels of hepta-nona-
BDEs. Congeners relating to the penta-BDE mixtures were identified in 17% of couches (n=102) 
analysed by Stapleton et al. (2012) with an average concentration of 18.34 mg/g and range of 6.54 to 
43.17 mg/g. Levels of penta-BDEs in couch foam were marginally lower in newer analyses by 
Hammel et al. (2017) with a range of 0.941-35.0 mg/g and geometric mean concentration of 3.74 
mg/g. A more recent study has shown that congeners indicative of penta- and octa-BDE mixtures 
were detected in 56% of Irish wastes while BDE-209 of the deca-BDE formulas was present in 65% of 
samples (n=538) (Drage et al., 2018). Concentrations ranged <0.0003–1400 µg/g (mean; 8.1 µg/g) for 
the combined penta- and octa-BDE congeners and <0.0008–73,000 µg/g (mean; 730 µg/g) for deca-
BDE, respectively. The waste samples included electronics, home furnishings, automobile fabrics and 
construction materials to illustrate that PBDEs are still present in a variety of goods entering waste 
streams more than a decade after the first bans came into effect. 
The PBDE congeners discussed in this thesis have low vapour-pressures ranging from 2.19E-03 
(BDE-28) to approximately 9.28E−09 (BDE-209) (Tittlemier et al., 2002; USEPA, 2010b). Numerous 
studies have identified PBDEs in atmospheric samples far from likely point sources to suggest long 
range atmospheric transport of the contaminants (de Wit et al., 2006; Möller et al., 2011; Davie-
Martin et al., 2016). PBDEs and are also highly lipophilic, with congener logKOW values ranging 5.9 to 
10 (ICPS, 1994; ATSDR, 2004). These properties cause PBDEs to bind tightly to organic matter in 
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 environmental matrices such as soil, in which half-lives as long as ~28 y have been estimated 
(Andrade et al., 2010). A number of studies have provided evidence that some soil microorganisms 
are capable of metabolizing PBDEs (Chou et al., 2013; Lu et al., 2013; Xu & Wang, 2014; Wu et al., 
2018; Zhao et al., 2018), although few studies have been conducted outside of isolated laboratory 
conditions. 
1.3.2 DBDPE 
Among the most versatile of the emerging flame retardants is decabromodiphenyl ethane 
(DBDPE), which is used in a range of plastics and resins as well as rubbers, adhesives and textiles 
(WHO, 1997; Harju et al., 2009). DBDPE shares very similar chemical structure and properties to 
those of the most prevalent PBDE congener, decabromodiphenyl ether (deca-BDE), and is 
consequently being marketed as its replacement under brand names FireMaster 2100 and Saytex 
8010 (Shi et al., 2009; ECHA, 2018). Watanabe and Sakai (2003) reported a steady growth in Japanese 
DBDPE consumption from 0 t/y prior to 1993 up to 4500 t/y by 2001. The trend was matched by a 
decline in deca-BDE usage of approximately 75% over a similar period. Chinese production volumes 
of DBDPE and deca-BDE where estimated to be around 12,000 t and 20,000 t, respectively, in 2006 
(Shi et al., 2009; Covaci et al., 2011). The most recent estimates of annual domestic DBDPE 
production in the USA were 50,000,000-100,000,000 lb/y (approx. 22,700-45,400 t/y) for the year of 
2015 quoted by the USEPAs Chemical Data Reporting Rule (USEPA, 2018). A similar reporting system 
in the EU has determined a combined production/ import rate of between 10,000-100,000 t/y as of 
2015 (ECHA, 2018). An overall global manufacture estimate of 100,000-180,000 t/y (Harju et al., 2009) 
would suggest a higher recent demand for DBDPE than for the other emerging BFRs detailed here.  
DBDPE was detected in 80.0% of plastic toys (n=30) analysed by Chen et al. (2009) with a median 
level of 5540 ng/g (ND-117006 ng/g), approximately one order lower than median deca-BDE 
concentrations in the same samples. DBDPE was also detected in 88.9% of foam toys (n=18) and 
40.0% of rubber items (n=15) at median concentrations of 719 ng/g (ND-5685 ng/g) and ND (mean 
1144 ng/g; ND-7547 ng/g), respectively. deca-BDE levels were approximately 3-4 times higher than 
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 DBDPE in the foam and rubber products. In a similar investigation of BFRs in consumer products, 
Chen et al. (2010) sampled 32 electronic items like television casings, computer monitor casings and 
computer components from homes and flea markets in Guangzhou City, China. Raw materials such 
as ABS, HIPS and PBT were also collected from an electronics trading center. Television casings 
(n=20) were reported to contain a mean DBDPE concentration of 30,150 ng/g (ND-268,229) with a 
detection frequency of 33.3%. DBDPE levels were significantly greater than the Σ16PBDE (including 
deca-BDE), which had a mean concentration of 12,144 ng/g (107-66,536 ng/g). It should, however, be 
noted that PBDEs were detected in 100% of samples while deca-BDE was identified in 83.3% (Chen et 
al., 2010). DBDPE was not detected in any of the computer monitor casings (n=4) but was identified 
in 50% of computer components (n=8) with a mean concentration of 15,055 ng/g (ND-66,018 ng/g). 
Mean deca-BDE levels in the computer monitor casings and computer components were 1527 ng/g 
(ND-6080ng/g) and 253,992 ng/g (ND-1,512,555 ng/g), respectively. DBDPE was detected in just 18.3% 
of the raw materials (n=11) with a mean concentration of 157 ng/g (ND-1222 ng/g), well below the 
mean 108,926 ng/g (ND-677,331ng/g) for deca-BDE.  
Japanese electronic products have also been shown to contain DBDPE by Kajiwara et al. (2011), 
who dismantled two LCD televisions and a laptop computer to analyse individual components. 
Concentrations ranged from ND in some parts up to 130,000 ng/g in the rear cover of one television. 
Overall, DBDPE was identified in 64.7% of the components (n=17) while deca-BDE was detected in all 
articles ranging 1.8-14,000 ng/g. Two flame retarded curtains and four wallpaper samples were also 
tested. No DBDPE was detected in any of the six samples and only low levels of deca-BDE were 
measured with ranges of 6.4-8.2 ng/g in the curtains and 2.9-13 ng/g in the wallpaper. 
Alarmingly, DBDPE has recently been identified in kitchen utensils and other food contact 
articles from European markets (Samsonek & Puype, 2013; Puype et al., 2015; Kuang et al., 2018). 
DBDPE was detected in 53% of samples in one study (n=30) with a range of <9.2-7200 ng/g (Kuang et 
al., 2018). Samsonek and Puype (2013) revealed polypropylene-polyethylene copolymers and styrene 
based food articles to be the most likely to contain BFRs in their analyses. DBDPE is non-volatile with 
a very high octanol-water partition coefficient (Kow) of 11.1. Given the structural similarities to deca-
BDE, DBDPE is likely to share similar physicochemical properties and environmental fate 
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 (Kierkegaard et al., 2009). As such, DBDPE is unlikely to be transported great distance 
atmospherically but will likely bind strongly to organics in soil, dust and sediments (Law et al., 2006; 
Muresan et al., 2010). Experiments involving DBDPE solution exposed to a metal halide arc 
fluorescent lamp to simulate sunlight showed evidence of sequential debromination to nona- and 
octa-brominated derivatives (Kierkegaard et al., 2009). When HIPS was spiked with DBDPE and 
exposed to natural sunlight during a similar investigation, no degradation was determined after 112 
days (Kajiwara et al., 2008). While numerous instances of deca-BDE biotic degradation exist (Lu et al., 
2013; Tang et al., 2014), no such evidence is available of DBDPE breakdown in the current literature. 
Half-lives in air, water and soil were estimated to be 53.60 h, 17,280 h and 34,560 h by Kuramochi et 
al. (2014a) using Estimation Program Interface (EPI) Suite computer software. 
1.3.3 BTBPE 
1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE) is an additive flame retardant that has been 
incorporated into hard plastics like acrylonitrile butadiene styrene (ABS) and high impact 
polystyrene (HIPS) commonly used in electronic and electrical equipment (Harju et al., 2009). BTBPE 
has been manufactured since the 1970s (Covaci et al., 2011) and is being utilized as a replacement 
for octa-BDE mixtures. It is marketed under a number of commercial titles, the most common being 
Firemaster 680 or FM 680. While exact trends in global production and use are difficult to 
determine, it appears that demand increased to a peak around the early to mid-1990s before 
declining again by 2001. Great Lakes Chemicals (USA) reportedly produced 4500-22,500 t/y between 
1986 and 1994 then just 450-4500 t/y after 1998 (Hoh et al., 2005). Watanabe and Sakai (2003) showed 
a similar trend to occur in Japan with usage rising from 400 t/y in 1986 to 1000 t/y in 1992 before 
decreasing to 0 t/y by 2001. In any case, the most recent estimate of BTBPE global demand was 16,710 
t/y in 2001 (Verreault et al., 2007). While there are no reports of BTBPE manufacture in Australia, 
NICNAS estimated import rates to be 17 t/y during 1998/99 (NICNAS, 2001). The report included a 
post-1999 import prediction of 12 t/y. It might be expected that usage has risen in recent years since 
the 2005 implementation of multinational bans on octa-BDE (USEPA, 2010a; Cruz et al., 2015). A 
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 recent study in which electronic waste and consumer products were analysed for a range of flame 
retardants reported BTBPE to be present in 9 of the 11 samples at concentrations ranging from 41-
3700 µg/g (Ballesteros-Gómez et al., 2014). Interestingly, BTBPE was identified in the same 9 samples 
as octa-BDE at roughly twice the concentration in each instance. In a separate investigation, 66.7% of 
hard plastic children’s toys (n=30) purchased in Guangdong Province, China, also tested positive for 
BTBPE with a median concentration of 101.1 ng/g (Chen et al., 2009). Just 6.67% of rubber and soft 
plastics contained the compound while no BTBPE was detected in foam or stuffed toys from the same 
study (n=18). BTBPE has also been detected in ABS used for kitchen utensils in Europe in separate 
studies by Puype et al. (2015) and Kuang et al. (2018). Puype et al. (2015) identified BTBPE in 
conjunction with TBBPA and deca-BDE with an overall bromine content of 279 µg/g in just one of the 
ten products analysed while BTBPE concentrations ranging 3.8-1,100,000 ng/g in 16 of 30 samples 
were reported by Kuang et al. (2018). Puype et al. (2015) suggested that recycled materials have been 
used in the production of food containers leading to unintentional BFR content in food-contact 
plastics and other polymers. 
BTBPE has a low vapour pressure of 3.88E-10 Pa (25 °C) and similar lipophilicity to hexa- through 
nona- BDEs. An investigation into the long-range-atmospheric-transport (LRAT) potential of BFRs by 
Kuramochi et al. (2014b) derived values of overall persistence (Pov), characteristic travel distance 
(CTD) and transfer efficiency (TE%) for BTBPE that matched those of banned penta- and hexa- PBDE 
congeners. de Wit et al. (2010) detailed the incidence of BTBPE in arctic seabirds and marine 
mammals to show that LRAT is likely to have occurred. Thermal decomposition has been shown to 
produce 2,4,6-tribromophenol, tribromo-2-(vinyloxy)benzene and other products (Balabanovich et 
al., 2003; Altarawneh & Dlugogorski, 2014) although little is known of BTBPE’s potential for 
biodegradation in the environment (Ezechiáš et al., 2014).  
1.3.4 BEH-TEBP and EH-TBB 
Bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate (BEH-TEBP) and 2-ethylhexyl-2,3,4,5-
tetrabromobenzoate (EH-TBB) are both additive flame retardants that are used in PVC and soft 
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 polymer materials like neoprene, rubber and polyurethane foams as a replacement for penta-BDE 
(Harju et al., 2009; EFSA, 2012). BEH-TEBP is sold under the trade names DP 45, Pyronil 45 and 
Uniplex FRP 45 while mixtures containing both BEH-TEBP and EH-TBB are known as FireMaster 550 
and FireMaster BZ-54 (Bearr et al., 2010; EFSA, 2012). FireMaster 550 is reported to contain 35% EH-
TBB and 15% BEH-TEBP while FireMaster BZ-54 comprises approximately 70% EH-TBB and 30% 
BEH-TEBP (Ma et al., 2012). GC/MS analysis by Stapleton et al. (2008) found the ratio of EH-TBB to 
Table 5. NBFR technical products and applications. 
Compound Technical Productsa Substituteb Materialsc Application Examples 
DBDPE DBDPE/RDT-3 
Ecoflame B-971 
FireMaster 2100R 
YCFR-03 
Saytex 8010 
Saytex 4010 
Saytex 8010 ZD 
Saytex 4010 ZD 
SLFR-2 
Deca-BDE Plastics, polyester and 
vinyl ester resins, PVC, 
nitrile rubber, adhesives, 
sealants, textiles, leather 
 
 
Electronics, electronic 
equipment, circuit 
boards, wire and cables, 
insulation foams, 
conveyor belts, floor 
mats, carpets, furniture/ 
upholstery, construction 
materials 
BTBPE FF 680 
FI 680 
FM 680 
FireMaster 680 
FireMaster FF-680 
Octa-BDE Polystyrene, resins, 
ABS, HIPS 
Electronics, electrical 
equipment, wiring parts, 
hard plastic casings, 
packaging foam 
BEH-TEBP DP 45 
Pyronil 45 
Uniplex FRP 45 
Firemaster 550^ 
Firemaster BZ-54^ 
Penta-BDE PVC, neoprene, 
polyurethane, rubber, 
adhesives 
Wire and cable 
insulation, carpet 
backing, wall coverings, 
coated fabrics, furniture 
/upholstery 
EH-TBB FireMaster 550^ 
FireMaster BZ-54^ 
Penta-BDE PVC, neoprene, 
polyurethane, rubber, 
adhesives 
Wire and cable 
insulation, carpet 
backing, wall coverings, 
coated fabrics, furniture 
/upholstery 
PBT Flammex 
FR-105 
Flammex 5-BT 
 ABS, SBR-latex, 
polystyrene, polyethylene, 
polypropylene, 
unsaturated polyesters, 
rubbers, textiles 
Electronics, electronic 
equipment, wire and 
cables, insulation 
foams, floor mats, 
carpets, construction 
materials 
PBEB EB 80 
FR-105 
 Unsaturated polyesters, 
polyurethane foam, ABS, 
textiles 
Electronics, electronic 
equipment, furniture/ 
upholstery, carpet 
HBB AFR 1001 
FR-B 
HBB-S 
NSC 113975 
 Plastics, paper, wood, 
textiles 
Electronics, electrical 
equipment, hard plastic 
casings 
a Compiled from (Tice & Masten, 1999; Covaci et al., 2011; EFSA, 2012) and European Chemicals Agency (ECHA) 
b (EFSA, 2012) 
c  Compiled from (Watanabe et al., 1986; WHO, 1997; Harju et al., 2009; Covaci et al., 2011; EFSA, 2012) 
^ Mixture containing both BEH-TEBP and EH-TBB 
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 BEH-TEBP in FireMaster 550 to be around 4:1 although other compounds (isopropylated triaryl 
phosphate and triphenylphosphate) constituted 50% of the products mass. Production of BEH-TEBP 
in the USA during 2015 was estimated to be approximately 450-4500 t/y (USEPA, 2018) and Europe-
wide demand was determined to be between 100-1000 t/y as of 2015 (ECHA, 2018). No information is 
currently available regarding production or usage volumes of EH-TBB. Given the compounds 
presence in some products containing BEH-TEBP, output volumes should be partly proportional. 
Stapleton et al. (2012) measured flame retardant content in the foam of 102 couches to find that 
13 contained the product FireMaster 550 at an average level of 19.76 mg/g. Interestingly, the 
detection rate rose from 5% in couches purchased prior to the 2005 penta-BDE phase-out to 18% in 
products bought during or after 2005. This coincided with penta-BDE detection rates declining from 
39% in pre-2005 couches to 2% in the couches purchased post-2005. These findings indicate an 
uptake of BEH-TEBP and EH-TBB in technical mixtures like FireMaster 550 to replace banned PBDE 
mixtures. Geometric means of 8.79 and 3.91 mg/g for EH-TBB and BEH-TEBP were determined in 
couch foam more recently, while detection frequency remained similar at 17.4% from 115 samples 
(Hammel et al., 2017). EH-TBB was present in only 4 of 30 food contact articles assessed by Kuang et 
al. (2018) at concentrations 0.5-950 ng/g while BEH-TEBP was detected in 12 samples from the same 
study ranging 5.7-30,000 ng/g. Despite the low detection frequency, these results indicated that FM-
550 constituents may become incorporated into food-contact plastics such as spoon and scissor 
handles through the recycling of previously flame-retarded polymers. 
BEH-TEBP and EH-TBB have been observed to undergo photolytic debromination in laboratory 
experiments to produce di- and tri- brominated homologues (Davis & Stapleton, 2009). EH-TBB was 
found to degrade more quickly than BEH-TBB, with half-lives ranging 85.70-162.34 min and 147.46-
168.03 min, respectively. Little is known of the environmental fate of these compounds, however, and 
biodegradation potentials are yet to be investigated. Software calculations of environmental half-
lives by Kuramochi et al. (2014a) remain the best estimate of BEH-TEBP and EH-TBB recalcitrance. 
Water and soil half-lives were estimated to be the same for both compounds, 2880 h and 5760 h, 
respectively, while atmospheric half-lives were 5.88 h for BEH-TEBP and 11.70 h for EH-TBB. 
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 1.3.5 PBT, PBEB and HBB 
Pentabromotoluene (PBT), pentabromoethylbenzene (PBEB) and hexabromobenzene (HBB) are 
each additive flame retardants with a range of material applications such as plastics, textiles and 
polyurethane foams (WHO, 1997; Covaci et al., 2011). These BFRs are marketed under a variety of 
trade names such as Flammex 5-BT (PBT), EB-80 (PBEB) and FR-B (HBB) while at least one product, 
FR-105, may contain a mixture of both PBT and PBEB (EFSA, 2012). Little is known of current 
production volumes of these compounds. Annual PBT volumes were estimated to be between 1000-
5000 t by the World Health Organization in 1997 (WHO, 1997). The discontinued ESIS classified PBT 
and PBEB to be of low production volume in the EU during 2010, while HBB was not reported as a 
currently produced substance (Covaci et al., 2011). None of the three substances appear in the newer 
ECHA registration system. Covaci et al. (2011) also determined the Chinese Shou Guang Longfa 
Chemical Company to have a produced 600 t/y of each PBT and HBB in 2011 while Japanese 
production of HBB was 350 t/y between 1994-2001 (Watanabe & Sakai, 2003). No production, import 
or usage capacity has been published for PBT, PBEB or HBB in the USA or Australia. 
At present, little information exists as to the current levels of these compounds in consumer 
goods. One report in which halogenated aromatic compounds were measured in scrap samples from 
an aluminium recycling plant reported PBEB and HBB to be present in residues and dust from 
electronics auto-shredders and crushers (Sinkkonen et al., 2004). The authors were unable to provide 
quantitation of these compounds but confirmed their identify in all four of the samples analysed. 
Low levels of PBEB not exceeding 33 ng/g were detected in 9 samples of kitchen and cookware which 
included a variety of plastic spoons (Kuang et al., 2018). 
PBT, PBEB and HBB share similar chemical structures and consequently have vapour-pressures 
and water solubilities of a similar range, 1.14E-04 – 1.22E-03 Pa (25°C) and 3.5E-04 – 7.80E-04 g/L, 
respectively. Kuramochi et al. (2014b) used LRAT software calculations to estimate HBBs 
characteristic transport distance (CTD) to be approximately 21,033 km, 7-8 times that of BTBPE, 
penta- and hexa- BDEs. Each of these compounds has been measured in the Arctic atmosphere, 
indicating LRAT abilities (Möller et al., 2011). The presence of PBT, PBEB and HBB in Arctic seabirds 
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 provides further evidence of LRAT (Verreault et al., 2007). HBB was found to degrade rapidly in soil 
under aerobic conditions with a half-life of less than 40 d while anaerobic conditions slowed the rate 
to greater than 100 d (Nyholm et al., 2010). PBT, PBEB and HBB are each expected to undergo 
reductive debromination as a first step in degradation although at present there is little empirical 
evidence to elucidate breakdown pathways in the environment (Ezechiáš et al., 2014). 
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 1.4 Objectives 
The objective of this doctoral research is to investigate the occurrence and fate of PBDEs and 
NBFRs in Australian indoor and outdoor environments with the central aim of elucidating major 
pathways of human exposure to the emerging compounds in relation to their banned legacy 
counterparts. The specific aims of this thesis will be addressed by working to answer the following 
research questions; 
 
Analytical method development 
• Can the PBDEs and NBFRs outlined in Table 1 be analysed in soil and dust using a one-step 
selective pressurized liquid extraction (S-PLE) followed by quantitation by gas 
chromatography coupled to tandem mass spectrometry (GC-MS/MS)? 
 
Environmental contamination of soil and indoor-dust 
• Are the surface soils of Melbourne, Australia contaminated with PBDEs and NBFRs? 
• What are the likely industrial sources of PBDEs and NBFRs to the soils of Melbourne? 
• Is indoor dust contaminated with PBDEs and NBFRs in the homes, offices and automobiles of 
Melbourne, Australia? 
• Which microenvironments contain the highest levels of PBDE and NBFR in dust, and can 
potential sources of dust contamination be identified? 
 
Human exposure 
• What is the estimated rate of human exposure to PBDEs and NBFRs via soil near major 
sources of land contamination in the city of Melbourne, Australia? 
• What is the estimated rate of human exposure to PBDEs and NBFRs via inhalation and 
ingestion of indoor dust for populations living in the city of Melbourne? 
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 Chapter 2. 
Critical review of soil contamination by polybrominated 
diphenyl ethers (PBDEs) and novel brominated flame 
retardants (NBFRs); concentrations, sources and 
congener profiles 
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Preface 
A comprehensive review of the published literature on PBDEs and NBFRs in soil was undertaken 
in order to identify the key factors influencing land contamination by these compounds. This 
chapter establishes PBDEs to be ubiquitous in soils around the world while NBFRs are frequently 
detected at levels typically one to two orders of magnitude lower concentrations. Industries 
associated with primary manufacture of BFRs and secondary manufacture of flame retarded goods 
were found to be potential sources of BFRs to soil. E-waste recycling has also been repeatedly 
demonstrated to contribute substantial BFR loadings to surrounding soils. The findings of this 
literature review aided in the selection of the compounds investigated in this thesis by illustrating 
which are most prevalent in soils. This review also directly informed the sampling strategies 
employed in the Chapters 4, 5 and 6 by elucidating trends between specific land-uses and elevated 
BFR concentrations.   
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a b s t r a c t
Polybrominated diphenyl ethers (PBDEs) have been used in a broad array of polymeric materials such as
plastics, foams, resins and adhesives to inhibit the spread of ﬁres since the 1970s. The widespread
environmental contamination and well documented toxic effects of PBDEs have led to bans and
voluntary withdrawals in many jurisdictions. Replacement novel brominated ﬂame retardants (NBFRs)
have, however, exhibited many of the same toxic characteristics as PBDEs and appear to share similar
environmental fate. This paper presents a critical review of the scientiﬁc literature regarding PBDE and
NBFR contamination of surface soils internationally, with the secondary objective of identifying probable
pollution sources. An evaluation of NBFR distribution in soil was also conducted to assess the suitability
of the newer compounds as replacements for PBDEs, with respect to their land contamination potential.
Principle production of PBDEs and NBFRs and their consequent use in secondary polymer manufacture
appear to be processes with strong potential to contaminate surrounding soils. Evidence suggests that
PBDEs and NBFRs are also released from ﬂame retarded products during disposal via landﬁll, dumping,
incineration and recycling. While the land application of sewage sludge represents another major
pathway of soil contamination it is not considered in this review as it is extensively covered elsewhere.
Both PBDEs and NBFRs were commonly detected at background locations including Antarctica and
northern polar regions. PBDE congener proﬁles in soil were broadly representative of the major con-
stituents in Penta-, Octa- and Deca-BDE commercial mixtures and related to predicted market place
demand. BDE-209 dominated soil proﬁles, followed by BDE-99 and BDE-47. Although further research is
required to gain baseline data on NBFRs in soil, the current state of scientiﬁc literature suggests that
NBFRs pose a similar risk to land contamination as PBDEs.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of bromi-
nated ﬂame retardants (BFRs) that have been used in a broad array
of polymeric materials such as plastics, foams, resins and adhesives
to inhibit the spread of ﬁres (WHO, 1997). PBDEs have been man-
ufactured since the 1970's and have become known as signiﬁcant
global contaminants (de Wit et al., 2006; Brits et al., 2016; Yu et al.,
2016). Decades of research has documented the accumulation of
PBDEs in a range of environmental matrices and biota (Law et al.,
2014), while toxic effects including endocrine disruption and
developmental neurotoxicity are well evidenced (Linares et al.,
2015). PBDEs have historically been sold in three major commer-
cial formulas known as Penta-BDE, Octa-BDE and Deca-BDE, which
each contain a range of the 209 mono-through deca-brominated
congeners (La Guardia et al., 2006). Speciﬁc congeners have
dominated within the commercial mixtures and are therefore
typically analysed in environmental samples as indicators of the
individual formulas. In particular, the tetrabrominated congener
BDE-47, pentabrominated BDE-99 and -100, and hexabrominated
BDE-153 and -154 are each representative of Penta-BDE formulas,
while Octa-BDE products are indicated by heptabrominated BDE-
183 and Deca-BDE products by the decabrominated BDE-209.
Penta- and Octa-BDE formulas have been banned from use in
many jurisdictions (EU, 2003; NICNAS, 2007; Stapleton et al., 2012)
* This paper has been recommended for acceptance by Dr. Chen Da.
* Corresponding author.
E-mail address: bradley.clarke@rmit.edu.au (B.O. Clarke).
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while the tetra-through hepta-brominated homologues most
common to these mixtures were listed as Persistent Organic Pol-
lutants (POPs) under the United Nations Stockholm Convention in
2009 (UNEP, 2009). The addition of Deca-BDE commercial mixtures
to the Convention has been ofﬁcially proposed (UNEP, 2013) and a
range of restrictions and phase-out initiatives have been imple-
mented globally (EU, 2009; USEPA, 2010). An assortment of new
generation BFRs have emerged to replace the restricted compounds
and are interchangeably referred to as “alternative”, “new”,
“emerging” or “novel” BFRs (NBFRs). The physicochemical charac-
teristics of NBFRs are generally analogous to those of PBDEs, and
similar patterns of environmental contamination and toxicity have
been indicated (Covaci et al., 2011; Ezechi!a"s et al., 2014). Among the
most common NBFRs are decabromodiphenyl ethane (DBDPE),
which replaces Deca-BDE formulas, bis(2,4,6-tribromophenoxy)
ethane (BTBPE), being used in place of Octa-BDE and bis(2-
ethylhexyl) tetrabromophthalate (BEH-TEBP) and 2-ethylhexyl-
2,3,4,5-tetrabromobenzoate (EH-TBB), which constitute re-
placements of Penta-BDE mixtures (Covaci et al., 2011; Ezechi!a"s
et al., 2014). Hexabromobenzene (HBB), 2,3,4,5,6- pentabromoto-
luene (PBT) and 2,3,4,5,6-pentabromoethylbenzene (PBEB) are
each general use ﬂame retardants replacing PBDEs in a range of
polymers (Covaci et al., 2011; Ezechi!a"s et al., 2014).
PBDEs and NBFRs enter the environment via atmospheric
emission from a variety of sources including manufacturing
(Gouteux et al., 2008; Li et al., 2015b), waste incineration (Wang
et al., 2010b), recycling facilities (Hearn et al., 2012) and other
general industrial processes (Wang et al., 2010a). Electronic and
electrical waste (e-waste) recycling has proven to be among the
greatest sources of atmospheric release, owing to typically high
concentrations within products and processing techniques which
exacerbate their dispersion (Labunska et al., 2013; Li et al., 2014).
Emitted contaminants may be transported large distance in air and
undergo net deposition to land (Newton et al., 2014; Cetin et al.,
2016). PBDEs and NBFRs also enter soils via direct transfer from
ﬂame-retarded products in dumpsites (Hafeez et al., 2016) or via
landﬁll leachates (Olukunle and Okonkwo, 2015). The application of
sewage sludge to soil as a nutrient amendment has been demon-
strated to be a signiﬁcant pathway of BFR loading to agricultural
land due to high levels of contamination inherent in sewage waste
streams (Kim et al., 2017). The lipophilic properties of PBDEs and
NBFRs cause them to bind tightly to organic matter and persist in
soils where half-lives as long as ~28 y have been estimated
(Andrade et al., 2010).
PBDEs and NBFRs have been shown to bioaccumulate in soil
dwelling invertebrates like earthworms (Nyholm et al., 2010;
Gaylor et al., 2013), allowing propagation of the contaminants
into terrestrial food-chains (Nie et al., 2015). Contaminated soils
may also transfer PBDEs into suspended solids and sediments of
aquatic environments via precipitation run-off (Muresan et al.,
2010). Bioaccumulation and trophic transfer of PBDEs and NBFRs
has been observed in the ecosystems of fresh water and marine
organisms (Law et al., 2006; Klosterhaus et al., 2012; Poma et al.,
2014). Soils contaminated by PBDEs or NBFRs also form potential
human exposure pathways for humans. Inhalation of soil fragments
suspended in outdoor air or dermal absorption of settled particles
may contribute to the intake of these BFRs (Abdallah et al., 2015;
Akortia et al., 2017). Ingestion of soils adhered to vegetables
grown on contaminated land and direct oral intake of soil by tod-
dlers are also potential exposure routes. The ability for many plant
crops to translocate PBDEs from soil into vegetative structures may
also result in consistent low level exposure through the diet
(Navarro et al., 2017). In light of the risks to human health posed by
contaminated soils, reference screening values have been estab-
lished by government agencies in some jurisdictions (NEPC, 2013;
USEPA, 2017).
This review aims to summarise the published studies on PBDE
and NBFR soil contamination. An interrogation of the current data
regarding concentrations across different land-uses will attempt to
provide an account of the most probable sources of BFRs to soils
internationally. Comparisons of the congener proﬁles among PBDE
contaminated sites will be used to identify global commercial for-
mula usage patterns. An evaluation of NBFR distribution in soil will
also be conducted with the objective of assessing the suitability of
the newer compounds as replacements for PBDEs, with respect to
their land contamination potential.
2. Featured studies and reporting conventions
This paper reviews soil contamination data presented in English
language peer-reviewed scientiﬁc literature published up until May
2017. Studies related to soil contamination as a result of direct
sewage sludge or waste-water application have not been included.
Land application of sewage sludge to improve soil structure and
nutrient content represents a major contribution of PBDEs and
NBFRs to soils globally (Kim et al., 2017). PBDEs and NBFRs may
enter wastewater streams from manufacturing, industrial waste
and domestic sources and are often retained in sludges during
municipal treatment processes (Clarke et al., 2008; De la Torre et al.,
2012; Zeng et al., 2014). PBDE concentrations measured in sewage
sludges from North America, Europe, Asia and Australia have
regularly exceeded 1000 ng/g, while NBFR levels are typically or-
ders of magnitude lower (Kim et al., 2014a; Zeng et al., 2014). In
excess of 10 million tonnes of sludge are applied to land globally
each year (Kim et al., 2017), creating a massive potential for PBDE
and NBFR transfer to soil. However, the exact contamination impact
to soils from sewage sludge is determined by complex interactions
between the two media. The PBDE and NBFR concentrations in the
applied sewage sludge, rate and frequency of sludge application
and tilling/mixing methods employed each have a strong effect on
contaminant concentrations over time (Andrade et al., 2010; Li
et al., 2015a). The behavior and fate of PBDEs and NBFRs in soil
from application of contaminated waste requires speciﬁc and
complex consideration regarding these factors, which have been
comprehensively addressed in a number of recent review articles
(Clarke and Smith, 2011; Clarke and Cummins, 2015; Kim et al.,
2017).
In all cases,
P
xPBDEs refers to the sum of x PBDE congeners
including BDE-209, unless otherwise stated. Concentration values
have been reported to a maximum of three signiﬁcant ﬁgures and
all units of measurement have been converted to ng/g for consis-
tency. All concentrations are reported on a dry weight basis unless
otherwise stated. Concentrations on an organic matter basis are
reported as ng/g OM, concentrations on an organic carbon basis are
reported as ng/g OC and concentrations on a wet weight basis are
reported as ng/g WW. All mean values are arithmetic means unless
otherwise stated and in all cases ND abbreviates “not detected”.
Data presented in Fig. 1 has been arranged into land-use categories
by the authors according to sample site information provided in
original data sources. Author-assigned land-use categories are
provided in Table 1 as numerical superscript notations. Values re-
ported to be below detection limits appear in Fig. 1 as half of the
respective detection limit.
3. PBDE congener proﬁles
PBDE congener proﬁles in soil have been broadly representative
of the major constituents in commercial mixtures of Penta-, Octa-
and Deca-BDE and related to predicted market place demand. As
the main component of Deca-BDE mixtures, BDE-209 has been the
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most prevalent congener in an overwhelming majority of analysed
soil samples. Percentage contribution of BDE-209 to overall PBDE
contamination is generally reported to be greater than 60%, and can
often reach 90% or higher (Cetin and Odabasi, 2007; Syed et al.,
2013; McGrath et al., 2016). Global demand for Deca-BDE was
estimated to be 56,100 t/y in 2001, roughly ﬁve times that of the
Penta- and Octa-BDE mixtures combined (BSEF, 2003), while BDE-
209 makes up more than 90% of the congener mix in the Deca-BDE
formula (La Guardia et al., 2006). Although usage of Penta- and
Octa-BDE products ceased around 2005 in many jurisdictions with
the inclusion of tetra-hepta brominated homologues in the Stock-
holm Convention (NICNAS, 2007; Stapleton et al., 2012), Deca-BDE
manufacture continued in the USA until 2012 (USEPA, 2010) and
may be ongoing in some developing nations. Potentially further
contributing to the prevalence of BDE-209 in soil is the fact that the
fully brominated form has the highest log KOW of any congener,
corresponding with a higher afﬁnity for binding to soil organics.
Unfortunately, many studies of PBDE contamination in soil have not
quantiﬁed BDE-209 due to speciﬁc challenges associated with low
solubility and thermal instability during analysis (Abdallah et al.,
2013; Brits et al., 2016). This may mean that total PBDE concen-
trations are underestimated in assessments where BDE-209 is not
represented.
Constituents of the Penta-BDE mixtures are typically the next
most prominent congeners in contaminated soil. Speciﬁcally, BDE-
99 and BDE-47 each often contribute around 5e20% of total PBDEs
in ratios reﬂecting their presence in Penta-BDE mixtures at
approximately 45e49% BDE-99 and ~40% BDE-47. Less prominent
components of the Penta-BDE mixtures BDE-100 and hexabromi-
nated BDE-153 and BDE-154 usually follow as the next highest
concentrations in soil.
The tribrominated BDE-28, present in Penta-BDE formulas, and
a number of hepta-nonabrominated congeners from Octa-BDEs are
often detected in soils at levels below those of the aforementioned
compounds. This is likely to relate to their relatively low pro-
portions in commercial formulas and the fact that demand for Octa-
BDE products was roughly half that of Penta-BDEs prior to the
phase-outs (BSEF, 2003).
Rare exceptions to these typical patterns have been observed.
Akortia et al. (2017) determined BDE-28 to be the most prevalent
congener in soil samples, followed by BDE-47 and BDE-209, which
was postulated to be the result of debromination caused by crude
waste processing techniques such as burning and charring. Direct
transfer of PBDEs from individual waste items at dumpsites is also
expected to be the cause of some unusual site speciﬁc congener
patterns (Eguchi et al., 2013; Hafeez et al., 2016). A number of
studies have shown that mass fractionation of PBDE congeners may
occur with distance from sources such that lighter compounds are
transported further atmospherically than heavier forms (Hale et al.,
2002; Zhang et al., 2013). Gas and particle partitioning properties in
air as well as binding afﬁnity with soil are each factors which effect
PBDE depositional proﬁles in soil (Cetin and Odabasi, 2007; Cetin
et al., 2016).
4. PBDE Concentrations and sources
4.1. Manufacturing
4.1.1. Primary production
Manufacturing facilities are liable to release BFRs to soil during
principal production of ﬂame retardants. Cargo spills, incorrect
disposal of cargo packaging and atmospheric release of BFR dust or
volatiles are expected to contribute to environmental contamina-
tion (Chen et al., 2012). Although BFRs have been manufactured in
parts of the USA (USEPA, 2010; Covaci et al., 2011) the majority of
research concerning soil contamination via production facilities has
Fig. 1. Polybrominated diphenyl ether (PBDE) concentrations in surface soil (ng/g) by land-use category. Markers indicate study speciﬁc mean values calculated on a dry weight
basis per land-use category. Data has been arranged into land-use categories by the authors according to sample site information provided in original data sources. Author-assigned
land-use categories are provided in Table 1 as numerical superscript notations. Values reported to be below detection limits appear as half of the respective detection limit. Circular
markers indicate mean values on a dry weight basis, diamond markers indicate organic matter basis, square markers indicate organic carbon basis and triangular markers indicate
wet weight basis. Blue bars show the range of concentrations from all studies pertaining to individual land-use categories. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Table 1
Polybrominated diphenyl ether (PBDE) concentrations in surface soil (ng/g).
Country Period Land-use description n Congeners Mean Min Max Reference
Africa
Ghana JaneMar 2015 E-waste processing4 18
P
16PBDEs 54.8 15.6 96.8 (Akortia et al., 2017)
Kenya Jan 2015 Rural7 16
P
7PBDEsa 3.15 0.93 6.60 (Sun et al., 2016)
Suburban6 13 2.19 1.12 4.20
Wildlife conservancy8 14 1.03 0.19 3.13
Rural7 10 2.54 0.25 14.1
Rural7 6 13.7 4.68 35.6
Nigeria Aug 2009eOct 2010 E-waste dumpsite4 2
P
8PBDEs e 13,300 34,700 (Alabi et al., 2012)
University7 1 e 2 e
Tanzania Feb 2011 Background8 13
P
13PBDEsa 0.386 0.136 0.952 (Parolini et al., 2013)
The Americas
Argentina OcteNov 2014 Industrial, urban and rural5 9
P
10PBDEs 1.3b 0.04 10.7 (Tombesi et al., 2017)
Brazil 2005c Rural background7 1
P
15PBDEs e 0.999 e (Thorenz et al., 2010)
Canada JuneAug 2004 and 2006 Dumpsites/landﬁll3 13
P
9PBDEs 131 0.877 765 (Danon-Schaffer et al., 2008)
Background8 3 1.94 0.203 4.52
Mexico 2012 Industrial5 50
P
5PBDEsa 14.2d 1.80 127 (Orta-García et al., 2015)
Mexico e Industrial and heavily urbanised
areas5
26
P
5PBDEsa 22.0d 5.00 134 (P!erez-V!azquez et al., 2015a)
Mexico 2013 Brick kiln industry5 15
P
5PBDEsa 25.0d 1.00 122 (P!erez-V!azquez et al., 2015b)
Urban6 15 34.5d 2.25 98.0
Industrial5 15 8.00d 1.60 17.8
Agricultural7 15 16.6d 2.70 41.8
USA MareApr 2006 Agricultural7 10
P
8PBDEs 2.24b <MQLb 11.0b (Andrade et al., 2010)
USA OcteNov 2004 Flood plain8 10
P
10PBDEs 13.8 0.94 55.1 (Yun et al., 2008)
Flood plain8 10 3.03 0.09 19.4
Flood plain8 6 0.88 0.02 2.98
USA 2000 Polyurethane manufacturing2 3
P
5PBDEsa 29.9b ND 76.0 (Hale et al., 2002)
Asia
Cambodia 1999e2000 Municipal waste dumpsite3 6
P
14PBDEs 32 0.54 91 (Eguchi et al., 2013)
Urban6 5 38 <0.003 180
China Aug 2009eOct 2010 E-waste dumpsite4 1
P
8PBDEs e 44,400 e (Alabi et al., 2012)
Road side (e-waste processing
region)4
1 e 71,800 e
University7 1 e 2 e
China Nov 2011 PBDE manufacturing1 4
P
8PBDEs 148,000b 73,200 227,000 (Deng et al., 2016)
E-waste recycling4 3 1,590b 1210 2330
Aug 2012 Plastic manufacturing2 2 106,000b 31,900 179,000
China JuleOct 2012 Farmland soils near e-waste
processing region4
45
P
24PBDEs 65.2 2.96 200 (Dong et al., 2014)
China Mar 2009 Farmland7 9
P
26PBDEsa 0.94 0.21 2.3 (Duan et al., 2010)
BDE-209 13 0.11 35
Grassland8 3
P
26PBDEsa 0.51 0.40 0.62
BDE-209 5.0 0.08 8.9
Woodland8 4
P
26PBDEsa 1.2 0.05 2.2
BDE-209 11 7.0 14
Tideland8 3
P
26PBDEsa 0.54 0.16 0.79
BDE-209 8.8 5.2 15
Road8 3
P
26PBDEsa 0.42 0.20 0.79
BDE-209 14 5.5 25
China Dec 2006eApr 2008 E-waste recycling4 10
P
18PBDEsa e 7.21 1850 (Gao et al., 2011)
BDE-209 e 105 8060
Area surrounding E-waste
recycling4
50
P
18PBDEsa e 0.13 58.8
BDE-209 e 0.73 538
Industrial5 32
P
18PBDEsa e 0.16 16.4
BDE-209 e 0.81 127
China Jun 2011 E-waste processing region4 5
P
13PBDEs 250 5.13 1160 (Hong et al., 2016)
China Oct 2006 Urban roadsides, greenbelts, parks,
residential and commercial
districts6
55
P
29PBDEs 0.735 0.0236 3.80 (Jiang et al., 2010)
China e Agriculture in e-waste processing
region4
35
P
14PBDEs 19.0 1.8 89.3 (Jiao et al., 2016)
China Jan 2007 PBDE production area1 5
P
11PBDEs 687 73 2630 (Jin et al., 2011)
China Mar 2005 E-waste processing4 6
P
14PBDEs 39,000b 1300 170,000 (Labunska et al., 2013)
China Feb 2004 Acid leaching (e-waste processing)4 3
P
24PBDEs 3570 e e (Leung et al., 2007)
Printer roller dumpsite4 3 1440 e e
Duck pond (near e-waste
processing)4
3 398 e e
Rice ﬁeld (near e-waste
processing)4
3 48.2 e e
Reservoir7 3 3.8 e e
China Jan 2006 Urban6 15
P
39PBDEs 25.8b 0.016 211 (Li et al., 2008)
Industrial plants5 6 45.5b 5.96 144
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Table 1 (continued )
Country Period Land-use description n Congeners Mean Min Max Reference
China Sep 2008eMar 2009 E-waste recycling4 2
P
18PBDEsa 626 184 1070 (Li et al., 2014)
BDE-209 3070 296 5850
1 km from e-waste recycling4 2
P
18PBDEsa 57 34 79.4
BDE-209 214 110 318
China Jul 2011 BFR manufacturing1 5
P
8PBDEs 58,700b 17,000 146,000 (Li et al., 2015b)
China Sep 2005eJan 2006 Road soils near e-waste dismantling
workshop4
29
P
21PBDEs 2690 191 9160 (Luo et al., 2009)
Farmland soils near e-waste
dismantling workshop4
18 42.2 5.1 207
Farmland soils near open e-waste
burning site4
15 39.1 2.9 195
Farmland soils near electronic and
electrical equipment
manufacturing zone2
3 64.3 49.8 81.2
Rural farmland7 3 20.1 5.3 29.4
China Sep 2007 E-waste recycling facility4 10
P
10PBDEs 1910 71.6 5710 (Ma et al., 2009)
Chemical-industrial complex5 12 40.6 2.03 269
Agricultural7 6 0.19 0.08 0.25
Urban soil (e-waste reference site)6 3 0.30 0.18 0.40
Rural soil (chemical industrial
reference site)7
2 0.55 0.31 0.79
China JuneJul 2011c E-waste burning4 14
P
21PBDEs 2280 5.27 22,100 (Nie et al., 2015)
China e Industrial5 6
P
8PBDEs 1330 239 6000 (Qin et al., 2011)
Residential7 6 74.6 12.0 190
Commercial area6 3 151 29.0 381
Urban park6 4 39.2 17.9 50.7
Country park7 5 13.9 9.2 19.9
Warehouse land5 4 128 40.6 344
China e Urban/rural6 33
P
8PBDEs 10.0 1.05 43.2 (Shi et al., 2014)
China Aug 2012 Urban, suburban and rural (2012)6 33
P
7PBDEsa 0.543 0.041 2.23 (Shi et al., 2015)
BDE-209 9.47 1.02 41.7
Urban, suburban and rural (2003)6 36
P
7PBDEsa 0.178 0.01 0.557
BDE-209 3.13 0.532 12.8
China Aug 2011 Remote (adjacent to glacier, Tibetan
Plateau)8
27
P
39PBDEs e 0.0153 0.248 (Sun et al., 2015)
China Aug 2003 E-waste dumpsites4 2
P
20PBDEs 1,120b 1,110b 1,130b (Wang et al., 2005)
China Dec 2012 Vegetable gardens surrounding e-
waste storage site (rhizosphere
soil)4
14
P
8PBDEs 50.6d 13.9 351 (Wang et al., 2016)
Vegetable gardens surrounding e-
waste storage site (non-
rhizosphere soil)4
14 35.4d 7.56 127
China MayeDec 2012c Agriculture7 8
P
8PBDEsa e 0.24 0.37 (Wang et al., 2015a)
BDE-209 e 40.4 133
China 2011 E-waste processing locations
(includes residential)4
36
P
41PBDEs 898 13.9 13,300 (Wang et al., 2014a)
China Jun 2012 Agricultural soils within e-waste
processing area (rhizosphere soils)4
10
P
7PBDEsa 32.6d 3.83 735 (Wang et al., 2014b)
Agricultural soils within e-waste
processing area (non-rhizosphere
soils)4
10 12.2d 0.76 198
China Dec 2012 Agricultural7 8
P
14PBDEs 17.7 4.31 49.3 (Wu et al., 2015)
Parks7 4 15.9 4.43 40.8
Industrial5 6 19.7 5.19 40.5
Residential7 10 21.6 6.03 39.0
Commercial area6 6 40.6 7.00 132
Automobile manufacture2 4 65.7 12.2 142
China May 2006 E-waste dumpsite4 1
P
37PBDEs e 25,500 e (Yang et al., 2008)
China Dec 2013 E-waste recycling4 7
P
7PBDEsa 55.8 20.5 128 (Zhang et al., 2016)
0.5 km from e-waste recycling4 7 45.3 23.8 99.0
1 km from e-waste recycling4 7 34.0 11.3 91.7
2 km from e-waste recycling4 7 30.9 22.7 41.5
University7 3 12.0 7.8 14.3
China MareApr 2012 Residential (near e-waste
processing)4
16
P
10PBDEs 2670 168 6540 (Zhang et al., 2014a)
Agricultural (near e-waste
processing)4
30 1010* 10 4450
China Aug 2011 Banks of man-made lake7 7
P
19PBDEsa 2.34 0.57 6.13 (Zhang et al., 2015a)
BDE-209 101 9.19 350
Banks of manmade lake (water-
level ﬂuctuating zone)7
6
P
19PBDEsa 2.14 1.24 2.73
BDE-209 73.1 20.9 103
China e Incinerator5 14
P
42PBDEs 12b 0.29 120 (Zhang et al., 2013)
Chemical factory5 10 7.57 0.87 26
(continued on next page)
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Table 1 (continued )
Country Period Land-use description n Congeners Mean Min Max Reference
Heat and power plant5 8 3.75 0.24 26
China Apr 2008 Remote (Tibetan Plateau)8 7
P
13PBDEsa 0.026 0.0043 0.061 (Zheng et al., 2012)
China May 2008 Agriculture (industrial and BFR
manufacturing region)1
38
P
19PBDEs 275d 18.8 5180 (Zhu et al., 2014)
China Aug 2002eJun 2005 Agriculture (river watershed
basin)7
33
P
9PBDEsa 1.02 0.133 3.81 (Zou et al., 2007)
BDE-209 13.8 2.38 66.6
Agriculture (near e-waste
processing)4
3
P
9PBDEsa 7.95 1.93 19.5
BDE-209 70.5 25.7 102
China Aug 2014 BFR Manufacturing1 49
P
23PBDEs 5200 18 26,000 (Li et al., 2016)
BFR Manufacturing1 30 4100 4.6 34,000
China Jan 2006eMar 2007 Agriculture (industrial and e-waste
processing region)4
8
P
10PBDEs 67.6b 25.6b 186b (Shi et al., 2009)
China Mar 2008 E-waste processing (acid bath for
printed circuit boards)4
e
P
10PBDEs 171 e e (Wang et al., 2009a)
E-waste processing (rude boiler)4 e 799 e e
E-waste dumpsite4 e 991 e e
China MareApr 2005 Remote (Tibetan Plateau)8 15
P
14PBDEs 0.0111 0.0043 0.0349 (Wang et al., 2009b)
China Oct 2006 Urban, suburban and rural6 17
P
9PBDEsa 0.0263 0.00245 0.0559 (Wang et al., 2009c)
China Dec 2009eMar 2010 Residential, industrial, landﬁll,
agriculture, forestry and drinking
water source regions5
229
P
25PBDEs 250 0.37 5700 (Wei et al., 2016)
China e Rice paddy7 10
P
10PBDEs 3.4 3.1 3.5 (Zhang et al., 2015b)
Rice paddy located in e-waste
processing region4
10 130 110 140
China May 2012eMar 2013 Forested areas8 82
P
8PBDEs 0.22 ND 2.5 (Zheng et al., 2015)
India 2000 Municipal waste dumpsite3 6
P
14PBDEs 7.3 0.82 19 (Eguchi et al., 2013)
2004 Agriculture7 5 0.07 <0.003 0.18
Indonesia 2002e2003 Municipal waste dumpsite3 17
P
14PBDEs 41 0.12 260 (Eguchi et al., 2013)
Agriculture7 8 10 0.99 44
2007 Municipal waste dumpsite3 9 13 2.4 58
Indonesia AugeSep 2008 Urban roadside6 6
P
42PBDEs 12.0b 1.5 22 (Ilyas et al., 2011)
Industrial roadside5 4 15.3b 8.2 21
Rural roadside7 4 3.02b 0.58 6.4
Municipal dumping site3 6 9.63b 0.89 24
Agricultural7 3 0.250b 0.069 0.89
Korea Dec 2010 Urban6 20
P
27PBDEs 0.88 0.18 7.7 (Kim et al., 2014b)
Malaysia 2002 Municipal waste dumpsite3 2
P
14PBDEs 6.2 4.6 7.8 (Eguchi et al., 2013)
Urban6 2 2.4 1.3 3.4
Pakistan OcteDec 2012c River Basin8 60
P
8PBDEsa 0.272 0.047 2.380 (Ali et al., 2015)
Pakistan JaneMar 2011c River Basin8 50
P
8PBDEs 40 0.6 500 (Syed et al., 2013)
Pakistan MayeJun 2010 Urban6 5
P
10PBDEsa 0.484 0.120 1.36 (Zehra et al., 2015)
Agricultural7 17 0.110 0.046 0.219
Industrial5 5 0.681 0.148 1.91
Pakistan e Dumping site and surrounding
areas3
19
P
8PBDEsa 1.55 0.12 8.93 (Hafeez et al., 2016)
Pakistan JaneJun 2013 Agriculture7 28
P
8PBDEsa 21.1 6.88 37.7 (Mahmood et al., 2015)
Vietnam 2004 Municipal waste dumpsite3 5
P
14PBDEs 95 1.2 430 (Eguchi et al., 2013)
Agriculture7 7 0.22 0.02 0.42
Vietnam Jan 2012 Rice paddy (e-waste processing
region)4
19
P
14PBDEs 2.2 <0.09 8.2 (Matsukami et al., 2015)
E-waste open burning site4 3 24 1.6 63
E-waste recycling workshop4 10 1900 68 9200
Vietnam Jan 2013 Rice paddy (e-waste processing
region)4
19
P
13PBDEs e <0.1 12 (Matsukami et al., 2017)
E-waste processing workshop4 10 e 37 3900
E-waste open burning site4 3 e <0.1 48
Jan 2014 Rice paddy (e-waste processing
region)4
19 e <0.1 12
E-waste open burning site4 3 e 2.1 39
Australia
Australia 1998c Not speciﬁed 5
P
11PBDEs 0.32b 0.05b 1.2b (Abdallah et al., 2013)
Australia JaneFeb 2010c Residential7 3
P
10PBDEs 0.7 0.2 1.6 (Hearn et al., 2013)
Automotive and scrap metal
recycling5
3 273 28.5 726
Australia MareJun 2014 Manufacturing2 18
P
8PBDEs 228 ND 1740 (McGrath et al., 2016)
Waste disposal4 6 2520 13.6 13,200
Urban background6 6 19.4 0.12 43.4
Europe
England Jan 2013 60 km rural-urban transect6 8
P
8PBDEs 15b,e 2.3e 49e (Drage et al., 2016)
England Aug 2003eOct 2004 Urban6 33
P
6PBDEsa 1.76b 0.430 4.09 (Harrad and Hunter, 2006)
Suburban6 22 0.321b 0.146 0.489
Rural7 55 0.22b 0.046 0.403
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been conducted in China. Manufacture of Penta- and Deca-BDE has
reportedly been concentrated in the northern province of Shan-
dong (Chen et al., 2012). Widespread contamination was deter-
mined in soils surrounding two BFR manufacturing facilities
(n ¼ 79) in the Shouguang region with a combined production
volume of 10,000 t/y Deca-BDE, as of 2015 (Li et al., 2016).
P
23PBDE
concentrations ranged from 18 to 26,000 ng/g (mean; 5200 ng/g)
and 4.6 to 34,000 ng/g (mean; 4100 ng/g) at the twomanufacturing
sites, respectively. Li et al. (2016) observed contamination in sam-
ples up to 41 km from the plants although concentrations of most
Table 1 (continued )
Country Period Land-use description n Congeners Mean Min Max Reference
Estonia 2005e2006 Industrial/urban5 8
P
11PBDEsa e ND 1.70 (Kumar et al., 2009)
Background7 3 e 0.08 0.70
1964e2004 Urban/rural6 6 e 0.03 0.37
France 2009e2010 Urban and rural6 32
P
8PBDEs e 0.3 13 (Gasp!eri et al., 2016)
France 2008c Wooded area8 13
P
8PBDEs 1.20 0.225 5.11 (Muresan et al., 2010)
France Agricultural7 59 1.93 0.242 43.9
Urban6 48 2.24 0.324 18.0
Germany e Garden at university campus7 1
P
15PBDEs e 1.95 e (Thorenz et al., 2010)
Italy 2008 Pasture, O layer 0e1 cm7 18
P
13PBDEsa 1.55 0.310 3.85 (Parolini et al., 2012)
Pasture, A1 layer 1e4 cm7 18 0.72 0.086 1.74
Pasture, A2 layer 4e7 cm7 18 0.43 0.149 1.06
Norway 1998 Woodland8 24
P
20PBDEsa e 0.13 3.0 (Hassanin et al., 2004)
Russia 2000e2001 Background8 3
P
3PBDEsa e 0.16 0.23 (AMAP, 2004)
Scotland 1990 Background8 30
P
7PBDEsa 0.68e 0.02e 1.57e (Zhang et al., 2014b)
1999 Background8 30 1.88e 0.41e 10.5e
2007e2009 Background8 30 2.55e 0.20e 13.2e
Scotland 2007 Rural and background7 182
P
7PBDEsa 0.856 0.09 4.52 (Rhind et al., 2013)
2008 Rural and background7 182 1.22 0.107 15.4
2009 Rural and background7 182 1.42 0.09 10.5
Slovakia e Urban/industrial5 9
P
15PBDEs 0.47b 0.086 1.63 (Thorenz et al., 2010)
Sweden FebeMay 2012 Urban transect6 8
P
13PBDEs 12b,d,e 0.87b,e 46b,e (Newton et al., 2015)
United Kingdom 1998 Grassland8 21
P
20PBDEsa e 0.065 6 (Hassanin et al., 2004)
Woodland8 21 e 0.110 12
Middle East
Kuwait Nov 2010 Urban transect6 11
P
8PBDEs 19.5b 0.290 80.1 (Gevao et al., 2011)
Turkey Sep 2010 Industrial5 49
P
7PBDEs 26.3 0.70 203 (Cetin, 2014)
Turkey Sep 2004eOct 2005 Suburban6 3
P
7PBDEs 6.24b 3.11 8.74 (Cetin and Odabasi, 2007)
Industrial5 5 25.0b 0.504 98.3
Rural7 1 e 2.27 e
Electronics industry2 1 e 2840 e
Turkey e Industrial5 21
P
7PBDEs 9.7 e e (Odabasi et al., 2016)
Background8 6 0.8 e e
Turkey Jul 2008 Industrial5 17
P
7PBDEs 37 e e (Odabasi et al., 2010)
Urban/suburban6 3 9.9 e e
Turkey e Industrial5 21
P
7PBDEs 15.2 e e (Odabasi et al., 2015)
Background8 6 0.34 e e
Polar Regions
Antarctica 2010 Background8 18
P
9PBDEs 0.154f e e (Mwangi et al., 2016)
Background8 18 0.136f e e
Penguin colony8 9 0.343f e e
Penguin colony8 9 0.383f e e
Antarctica Jan 2004 Penguin colonies8 14
P
7PBDEsa <0.2 <0.2 <0.2 (Roosens et al., 2007)
Reference site (away from penguin
activities8
15 <0.07 <0.07 <0.07
Antarctica e Background8 3
P
14PBDEs e 0.401f 0.558f (Vecchiato et al., 2015)
Near research station7 7 e 0.77f 33f
Antarctica Dec 2009eJan 2010 Area containing research stations
and penguin colonies7
7
P
13PBDEs 0.024 0.00276 0.0514 (Wang et al., 2012)
Antarctica Jan 2011 Near research station7 4
P
17PBDEs 503g NDg 1,810g (Wild et al., 2015)
Arctic Jul 2013 Background8 12
P
12PBDEsa 0.042 0.011 0.089 (Wang et al., 2015b)
All values are reported on a dry weight unless otherwise stated.
All values reported to a maximum of 3 signiﬁcant ﬁgures.
ND ¼ not detected.
MQL ¼ Method quantitation limit.
*Estimated value from typographical error in published report.
Superscript numerical notations in the Land-use description column refer to author-assigned land-use categories displayed in Fig. 1 as follows; 1primary manufacturing,
2secondary manufacturing, 3municipal dumpsites and landﬁll, 4electrical and electronic waste, 5general industrial, 6urban, 7non-industrial background and 8remote
background.
a Excludes BDE-209.
b Value calculated from original data (reported to least number of signiﬁcant ﬁgures of individual measurements).
c Sampling period not speciﬁcally stated. Estimation from information in paper such as matched air sample time periods.
d Geometric mean.
e Concentration reported in ng/g organic matter.
f Concentration reported in ng/g wet weight.
g Concentration reported in ng/g organic carbon.
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congeners decreased by 2e3 orders over of magnitude within
3e5 km of the manufacturing facilities. PBDE levels in soil were
found to correlate with wind direction to indicate that atmospheric
transfer was occurring from the plants. Further evidence of emis-
sion and atmospheric transport from the 15 BFR manufacturing
facilities in the region was observed with the detection ofP
19PBDEs ranging from 18.8 to 5180 ng/g (geometric mean;
275 ng/g) in Shouguang's agricultural soils (n ¼ 38) (Zhu et al.,
2014).
Discharge of factory efﬂuents from BFR manufacturing may also
play a role in the transfer of PBDEs to soils (Chen et al., 2012).P
8PBDE levels in surface soil samples (n ¼ 5) taken from around a
Deca-BDE production facility in Weifang district ranged from
17,000 to 146,000 ng/g, with the highest measurement recorded at
the factory's efﬂuent disposal site (Li et al., 2015b). Soil samples
fromwithin the production and processing workshop (74,400 ng/g)
and laboratory area (36,000 ng/g) were the next most contami-
nated locations. Soils (n ¼ 4) from two other BFR manufacturing
plants in the Laizhou Bay area were also observed to be severely
contaminated, with
P
8PBDEs ranging from 73,200 to 227,000 ng/g
Deng et al. (2016, 2016) reported that the factory with the greatest
soil contamination discharged raw wastewater efﬂuent with aP
8PBDE level of 22,000 ng/L (n ¼ 1), while treatment technology
employed by the second factory reduced PBDE efﬂuent concen-
trations to 193e518 ng/g (n¼ 2). Levels measured inside each plant
were higher than corresponding samples taken from 50 m away,
likely due to cargo spillages.
4.1.2. Secondary production
Industries involved in the fabrication of polymeric materials and
subsequent manipulations of ﬂame retarded products bymoulding,
extrusion or cutting have also been investigated as potential sour-
ces of PBDEs to soil. Single soil samples taken from a large-scale
plastics modiﬁcation plant and a small-scale plastics modiﬁcation
and extrusion business in China's highly industrialised Pearl River
Delta district recorded
P
8PBDE levels of 31,900 and 179,000 ng/g,
respectively (Deng et al., 2016). These levels, which rival those of
BFR manufacturing soils, were postulated to have derived from
unﬁltered ﬂue gas emissions.
P
14PBDEs concentrations measured
in soils at automotive manufacturing sites (n ¼ 4) in Shanghai,
China, were markedly lower, ranging just 12.2e142 ng/g (mean;
65.7 ng/g) (Wu et al., 2015).
P
42PBDE concentrations in soils near
an acrylic acid chemical plant (n ¼ 10) in Beijing were lower still,
ranging just 0.87e26 ng/g (Zhang et al., 2013).
A study investigating PBDE emission from a polyurethane
manufacturing plant in the USA took dust samples from the interior
of the exhaust stack and related the congener proﬁle to soil samples
nearby (n ¼ 3) (Hale et al., 2002). One sample from adjacent to the
property contained 76.0 ng/g
P
5PBDEs (excluding BDE-209) while
two more taken downwind from the exhaust outlet measured ND
and 13.6 ng/g, respectively. Relative abundances of the ﬁve con-
geners quantiﬁed in the nearby soil sample matched those of the
exhaust outlet dust, which in turned corresponded with the sus-
pected source Penta-BDE product DE-71. The ﬁndings of Hale et al.
(2002) were broadly similar to the lower brominated PBDE con-
centrations (excluding BDE-209) reported at polymer
manufacturing sites (n ¼ 18) in Melbourne, Australia (McGrath
et al., 2016).
P
8PBDEs including BDE-209, however, were much
higher, ranging from ND to 1740 ng/g with a mean concentration of
228 ng/g. While
P
8PBDE concentrations at most of Melbourne's
manufacturing sites were less than 100 ng/g, higher measurements
were recorded in a small number of samples (ie. 1,740, 939 and
342 ng/g) to indicate that contamination potential from
manufacturing industries may be highly site and process speciﬁc.
4.2. Waste disposal
4.2.1. Dumpsites and landﬁll
One study found PBDE concentrations in the soils of open
municipal dumpsites to be signiﬁcantly higher (p < 0.05) than
corresponding reference locations in ﬁve Asian developing coun-
tries (Eguchi et al., 2013).
P
14PBDEs among the dumpsite soils were
highest in Vietnam (range; 1.2e430 ng/g, n ¼ 5), followed by
Indonesia (range; 0.12e260 ng/g, n ¼ 26), Cambodia (range;
0.54e91 ng/g, n ¼ 6), India (0.82e19 ng/g, n ¼ 6) and Malaysia
(range; 4.6e7.8 ng/g, n¼ 2). The authors proposed that correlations
between PBDEs and total organic carbon (TOC) in reference sites
indicated atmospheric deposition to be a key driver of contami-
nation, while the lack of such an association among dumpsite soils
suggested direct transfer of PBDEs from heterogeneous wastes. A
separate study of municipal dumpsite soils (n ¼ 6) from Surabaya
City, Indonesia, recorded lower
P
42PBDE levels ranging
0.89e24 ng/g, although these measurements were also one to two
orders of magnitude above agricultural soil measurements in the
Surabaya region (Ilyas et al., 2011). Hafeez et al. (2016) studied soils
surrounding open dumpsites in Lahore, Pakistan, where burning of
waste is common and pollution and leachate control facilities had
not been implemented.
P
8PBDEs (excluding BDE-209) ranged
from 0.12 to 8.93 ng/g (mean; 1.55 ng/g) in the dumpsites and
surrounding agricultural and residential soils.
Soils collected within landﬁlls (n¼ 13) at three remote Northern
Canadian sites were found to contain
P
9PBDE concentrations
(range; 0.877e765 ng/g, mean; 131 ng/g) which substantially
exceeded those of corresponding background samples (n ¼ 3)
(Danon-Schaffer et al., 2008). Concentrations reported in the study
rival those of open dumpsites in Asia to reveal the high potential for
soil contamination from municipal wastes in locations with low
levels of urban or industrial development. The study found that site
morphology and drainage characteristics were likely to inﬂuence
the fate of PBDEs in landﬁlls. Waste composition was also consid-
ered key, with automotive wreckages identiﬁed as a particularly
polluting source material amongst the tested sites. Soil samples
analysed from two separate domestic dumpsites in the city of
Melbourne, Australia, contained
P
8PBDE levels of 24.6 and 776 ng/
g, respectively (McGrath et al., 2016), which fell within the range
reported for remote Canadian landﬁlls. While the higher of the two
Australian measurements exceeded background levels in the city of
Melbourne (n ¼ 6) by more than 10 times, PBDE concentrations in
the less contaminated dumpsitewere typical of residential or urban
parkland soils in the area. The substantial variability in PBDE and
NBFR soil concentrations at the Melbourne locations supports the
suggestion by Eguchi et al. (2013) that soil contamination at
dumpsites derives from close contact with highly heterogeneous
waste inputs.
4.2.2. Incineration
Although ﬂue gases released fromwaste incinerators have been
shown to contain PBDEs and other brominated compounds (Wang
et al., 2010b), soil contamination has rarely been studied at these
facilities.
P
42PBDEs ranged 0.29e120 ng/g in 14 soil samples sur-
rounding the largest incineration plant in Beijing, China, whileP
8PBDEs in individual samples from two medical waste in-
cinerators in Melbourne, Australia, measured similar levels of 13.6
and 80.8 ng/g, respectively (McGrath et al., 2016). While concen-
trations among the soils of waste incineration facilities broadly
resemble those of dumpsites and landﬁlls to suggest a similar po-
tential for onsite PBDE contamination, incinerators may also
contribute to widespread diffuse soil contamination via atmo-
spheric emission of contaminants in ﬂue gases (Wang et al., 2010b;
Zhang et al., 2013).
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4.2.3. Electronic and electrical waste
As is the case for BFRmanufacturing, the vast majority of studies
investigating soil contamination from e-waste recycling originate
from China. Soil analysed at e-waste dumpsites have typically
contained higher levels of BFR contamination thanmunicipal waste
dumpsites and landﬁlls.
P
20PBDE (excluding BDE-209) levels in
single soil samples from open dumpsites of burnt plastic and
printer rollers in Guangdong, China, were 1110 and 1130 ng/g,
respectively (Wang et al., 2005). Very different congener proﬁles
were observed between the two sites, indicating that contamina-
tion was highly inﬂuenced by waste composition. Soils from
another e-waste dumpsite (n ¼ 3) in the same district recorded
mean
P
24PBDE concentration of 1440 ng/g (Leung et al., 2007)
while a third location in Zhejiang Province measured meanP
10PBDEs of 991 ng/g. Extremely high concentrations have also
been reported in Chinese e-waste dumpsite soils including single
measurements of 25,500 ng/g
P
37PBDEs at an abandoned waste
dump (Yang et al., 2008) and 44,400 ng/g
P
8PBDEs at an active site
in Guangdong (Alabi et al., 2012). Potentially contributing to these
excessive levels of soil contamination is the fact that each of these
sites are described as long term dumpsites of unsalvageable e-
waste, while periodic burning of refuse was reported at the
Guangdong location.
Activities related to recycling of electrical and electronic com-
ponents such as dismantling and auto-shredding may accelerate
the release of BFRs from e-wastes and consequent environmental
contamination. Burning or acid processing of electrical components
are also expected to increase BFR emission among informal recy-
cling areas in some developing countries. PBDE concentrations well
in excess of 1000 ng/g have been reported widely in soils from
Chinese e-waste recycling locations (Luo et al., 2009; Gao et al.,
2011; Li et al., 2014; Deng et al., 2016; Hong et al., 2016).P
10PBDE concentrations in 10 samples from a large scale e-waste
recycling facility in Taizhou, China, ranged 71.6 to 5710 ng/g (mean;
1910 ng/g) (Ma et al., 2009). Luo et al. (2009) observed
P
21PBDE
levels near dismantling workshops (n¼ 29) from Qingyuan County,
Guangdong, ranging from 90.8 to 9160 ng/g, while
P
21PBDEs
measured between 5.27 and 22,100 ng/g (mean; 2280 ng/g) in soils
from an e-waste burning site (n¼ 14) in the same district (Nie et al.,
2015). Mean
P
24PBDEs at the site of acid leaching of printed circuit
boards was 3570 ng/g (Leung et al., 2007). Extreme soil contami-
nation was also reported in soils (n ¼ 6) from a large e-waste
recycling area in Guangdong with
P
14PBDEs concentrations
ranging from 1300 to 170,000 ng/g (Labunska et al., 2013). Principal
component analysis, which included measurements from other
environmental matrices in the area, determined correlations be-
tween congener speciﬁc contamination and certain recycling pro-
cesses like solder recovery or printed circuit board shredding. It was
postulated that the spatial variations were inﬂuenced by the
composition of wastes being processed at given sites.
The large scale of e-waste recycling in parts of China has also
resulted in contamination of agricultural and residential soils
within processing regions. PBDE levels up to approximately 200 ng/
g are common in farmland soils from e-waste districts like Guan-
dong Province (Luo et al., 2009; Shi et al., 2009; Zhang et al., 2015b)
although one study in the region reported a combined meanP
10PBDE concentration of 1590 ng/g (range; 10 to 6540 ng/g) in
residential (n ¼ 16) and crop growing (n ¼ 30) samples (Zhang
et al., 2014a). These ﬁnding provide evidence for the potential
transfer of BFRs from electrical and electronic waste products to
domestic and food growing land that may have strong implications
for human health.
PBDE concentrations observed in soils around e-waste recycling
workshops and open burning sites in Hung Yen Province, northern
Vietnam, were similar to those of China, although only low levels of
contamination were determined in surrounding farmland
(Matsukami et al., 2015, 2017). Much higher levels of
P
10PBDE
pollution were reported in recycling workshop soils (mean;
1900 ng/g, range; 37 to 9200 ng/g) than open burning sites (mean;
24 ng/g, range; 1.6e63 ng/g), while farmland contained a mean
level of 2.2 ng/g and range <0.09e8.2 ng/g (Matsukami et al., 2015).
Similar patterns of contamination persisted between the land-use
types in measurements at the same sites in the following two
years, although overall concentrations declined with time
(Matsukami et al., 2017).
Despite the high potential for PBDE contamination in many
parts of Africa due to large scale informal processing of e-wastes
(Amoyaw-Osei et al., 2011; Schluep et al., 2011), very few studies
have investigated soil contamination. Single samples taken from e-
waste dumpsites in Nigeria contained
P
8PBDE concentrations of
13,300 and 34,700 ng/g, respectively (Alabi et al., 2012), while a
reference sample in the area measured just 2 ng/g. A wider ranging
study conducted in Ghana analysed 18 samples from a large scrap
market where high density living, heavy vehicular trafﬁc and e-
waste processing involving repairs, dismantling and open burning
are expected to impact soils (Akortia et al., 2017).
P
16PBDEs ranged
from 15.6 to 96.8 ng/g with a mean concentration of 54.8 ng/g, well
below the concentrations reported for Nigerian e-waste sites. As
net recipients of used electronics from OECD countries (Breivik
et al., 2014), e-waste generation in Nigeria, 2010, and Ghana,
2009, was estimated to be 1,100,000 and 179,000 t/y, respectively
(Schluep et al., 2011). Given the known land contamination risks of
e-waste processing, further research on PBDE soil levels is strongly
warranted in West African countries.
The only assessment of e-waste recycling's effect on BFR soil
contamination in western nations entails just two samples from
Melbourne, Australia.
P
8PBDE concentrations at the two sites
where e-wastes were stored and processed were 1080 and
13,200 ng/g, respectively (McGrath et al., 2016). These levels were
higher than those reported for all other samples in Melbourne
study (n ¼ 30) by a signiﬁcant margin (p < 0.05). The PBDE levels
reported in the soils of Melbourne indicate that even isolated e-
waste recycling facilities utilizing modern technologies have a high
potential to release BFRs to surrounding soils. With the commod-
itization of disused electronics for salvageable components, metals
and plastics, recycling of e-wastes is common in western nations,
albeit on a smaller scale than places like China or West Africa
(Breivik et al., 2014). Estimated local generation of e-wastes in
Australia was 410,000 t/y as of 2005, while 66e83% of total waste
was predicted to have been processed onshore (Breivik et al., 2014).
The potential for high levels of onsite BFR pollution at e-waste fa-
cilities in developed countries has not been thoroughly investi-
gated, and deserves substantial research attention.
4.3. General industrial sources
Some studies have provided evidence to suggest that industries
not directly related to manufacture or disposal of ﬂame retarded
goods may also be sources of BFR contamination. Mean
P
7PBDE
soil levels surrounding industrial regions of southern Turkey
involved in steel, cement and fertilizer production were roughly 4
to 12 times higher than corresponding reference measurements in
each of two studies (Odabasi et al., 2010, 2016). A separate inves-
tigation of urban parks on Turkey's west coast encompassing the
same industries as well as a petroleum reﬁnery, gas-ﬁred power
plant, paper plant and ship breaking yards (n ¼ 21) found meanP
7PBDE levels to be nearly 45 times higher than nearby forest soils
(n ¼ 6) (Odabasi et al., 2015). The average level of P39PBDEs in
industrial soils (n ¼ 6) from a building site and thermoelectric,
fertilizer, chemical, coking and power plants was also
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approximately double that of the concentrations in surrounding
urban soils of Shanxi Province, China (Li et al., 2008). Steel and
cement production were again implicated in Monterrey, Mexico,
along with brick kilns, railway stations and range of other in-
dustries.
P
5PBDEs (excluding BDE-209) ranged 1.80e127 ng/g
(mean; 14.2 ng/g), across all samples including non-industrial ur-
ban samples. Conversely, mean
P
5PBDEs (excluding BDE-209) in
samples from an industrial complex in San Luis Potosí, Mexico,
(8.00 ng/g, n ¼ 15) were roughly half that of corresponding agri-
cultural soils (16.6 ng/g, n¼ 15) and less than a quarter of urban soil
levels (34.5 ng/g, n ¼ 15) (P!erez-V!azquez et al., 2015a,b). Very low
levels ranging ND to 1.70 ng/g
P
11PBDEs (excluding BDE-209,
n ¼ 8) and 0.086e1.63 ng/g P15PBDEs (n ¼ 9) were reported in
urban/industrial surface soils of Estonia (Kumar et al., 2009) and
Slovakia (Thorenz et al., 2010), respectively.
4.4. Urban density
A number of studies have reported PBDE concentrations in soil
to correlate with urban density in regions where clear point-
sources are not obvious. The greater concentration of ﬂame
retarded goods associated with areas of higher populations and
their subsequent release from homes, businesses and automobiles
are considered to be sources of PBDEs and NBFRs to the environ-
ment. A rural-urban-rural transect of 11 soil samples through the
city of Birmingham, England, for example contained overallP
6PBDE (excluding BDE-209) concentrations ranging from
0.046 ng/g in rural samples to 4.09 ng/g in urban soils (Harrad and
Hunter, 2006). PBDE concentrations measured across the conur-
bation indicated the presence of an “urban pulse”, whereby soil
contamination peaked towards the city center and decreased with
distance toward rural regions. A similar sample transect of Bir-
mingham (n ¼ 8) determined P8PBDE concentrations in soil
ranging 2.3e49 ng/g OM (Drage et al., 2016). Although variations
were not statistically signiﬁcant, evidence of a similar “pulse” in
organic matter normalized results was reported, particularly for tri-
hepta-BDE congeners. Analysis of eight samples forming a transect
across the city of Stockholm, Sweden, also identiﬁed a strong urban
pulse in
P
octa-deca-BDE soil concentrations (Newton et al., 2015).
The pulse effect was less pronounced for
P
tetra-hexa-BDEs while,
overall,
P
13PBDE levels ranged from 0.87 to 46 ng/g om.
Gevao et al. (2011) observed an urban pulse in 11 soil samples
from Kuwait along a much larger 200 km transect across the entire
country; from the Kuwait-Iraq border through Kuwait City to the
Kuwait-Saudi Arabia border.
P
8PBDE concentrations ranged
0.290e80.1 ng/g (mean; 19.5 ng/g) with soils from Kuwait City
measuring signiﬁcantly higher levels (p < 0.01) than those from
outside the city center. Gevao et al. (2011) reported
P
8PBDE from
city samples to be approximately 5 times higher than all other lo-
cations, while the ratio was even higher when BDE-209 was
excluded (~24 times). Prevailing wind direction was also found to
have inﬂuenced the transport of PBDEs to soils with sites down-
wind of the city measuring an average
P
8PBDE concentration 1.5
times that of upwind locations.
BFR levels in soil also have been seen to broadly correspondwith
degree of urbanization other studies (Muresan et al., 2010; Wei
et al., 2016).
4.5. Background measurements
4.5.1. Non-industrial locations
Background measurements from grassland (n ¼ 21) and
woodland (n¼ 21) regions across the United Kingdommeasured an
overall
P
20PBDE range of 0.065e12 ng/g (Hassanin et al., 2004)
while recent background samples from Scotland (n¼ 30) contained
a mean
P
7PBDE concentration of 2.55 ng/g OM and range of
0.20e13.2 ng/g OM (Zhang et al., 2014b).
P
8PBDEs concentrations
in soils from wooded areas in the Paris region of France (n ¼ 13)
were comparable to UK levels, ranging 0.225e5.11 ng/g (Muresan
et al., 2010), as were
P
20PBDEs concentrations in background soil
samples (n ¼ 24) from woodlands across Norway (range;
0.13e3.0 ng/g) (Hassanin et al., 2004). Hassanin et al. (2004)
described a general “dilution” of PBDE concentrations moving
north away from Norway's population centers accompanied by
congener fractionation favouring transport and deposition of the
lighter congeners.
Among the highest background contamination levels were
measurements reported in U.S. soils from three ﬂoodplains across
the Saginaw River Watershed in Michigan (Yun et al., 2008). PBDEs
were detected in each of 36 soil samples with
P
10PBDE concen-
trations ranging from 0.02 to 55.1 ng/g. Yun et al. (2008) high-
lighted potential contamination sources such as disused landﬁlls
and waste water treatment plants within the regionwhile matched
surface sediment samples revealed decreasing PBDE concentra-
tions from upstream to downstream.
4.5.2. Remote locations
PBDEs have also been regularly detected in the soils of
Antarctica and remote northern polar regions. Several studies have
investigated contamination in relation to penguin colonies on the
southern continent. Mean
P
9PBDE concentrations were signiﬁ-
cantly higher (p < 0.001) in ornithogenic soils at two penguin
colonies (0.343 ng/g and 0.383 ng/g WW) than from two other
remote locations (0.154 ng/g and 0.136 ng/g) in a total of 54 samples
on Ardley Island, Antarctica (Mwangi et al., 2016). Mwangi et al.
(2016) observed PBDE accumulation in penguins from the region
and postulated that the birds themselves were sources of the
elevated pollution levels, potentially deriving from contamination
within the marine food chain. Furthermore, the ornithogenic soils
at bird colonies would likely have contained a higher carbon con-
tent than surrounding areas, enhancing accumulation of atmo-
spherically deposited organic contaminants. PBDEs were also
detected in natural and ornithogenic soils at Ardley and King
George Islands by Wang et al. (2012), who reported
P
13PBDEs
concentrations ranging from 0.00276 to 0.0514 ng/g, roughly one
order of magnitude lower than those of Mwangi et al. (2016).
Conversely, 14 samples from penguin colonies and 15 reference
samples from Hop Island, on the other side of the continent, were
reported to contain no
P
7PBDEs (excluding BDE-209) above
analytical limits of <0.2 and < 0.07 ng/g, respectively (Roosens
et al., 2007).
The hypothesis that Antarctic research bases may be sources of
PBDEs to the surrounding environment was assessed via analysis of
seven soil samples near the Italian Zucchelli station and three
remote samples by Vecchiato et al. (2015).
P
13PBDEs in station soils
ranged from 0.77 to 33 ng/g while background soils ranged from
0.401 to 0.558 ng/g. These ﬁndings indicate that the research sta-
tion is likely to have contributed to PBDE contamination of soils in
the area, as concentrations near the base exceed those of many
background measurements on other continents and even resemble
some measurements from industrial and e-waste regions around
the world. Concentrations from northern polar regions have been
broadly similar to Antarctic measurements. Twelve background
samples from the Arctic Island of Svalbard were found to containP
12PBDEs (excluding BDE-209) ranging 0.011e0.089 ng/g (Wang
et al., 2015b) while
P
3PBDEs (excluding BDE-209) in north-
eastern Russia (n ¼ 3) ranged 0.16e0.23 ng/g (AMAP, 2004).
Three background measurements at remote communities in the
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Canada's north ranged 0.203e4.52 ng/g
P
9PBDEs, which may have
been effected by activities within the nearby townships (Danon-
Schaffer et al., 2008).
5. NBFR Concentrations and sources
5.1. Manufacturing
NBFRs have often been detected in the same soil samples as
PBDEs and appear to share the same emission sources (see Table 2).
Soil samples (n ¼ 79) from two manufacturing plants producing a
total of 16,000 t/y DBDPE as well as smaller quantities of PBDEs in
Shouguang, China, contained overall DBDPE levels ranging from 4.6
to 34,000 ng/g (mean; 4100 ng/g) (Li et al., 2016). Despite the
higher recent production volume of DBDPE, concentrations in soil
were roughly 2 to 3 orders below that of PBDEs. Each of six other
NBFRs were detected in the samples at much lower levels with
mean concentrations each less than 10 ng/g and a maximum in-
dividual measurement of 190 ng/g for PBT. As with PBDE distri-
bution around the facilities, DBDPE transport to soils appeared to
have been affected by wind direction, although the spatial patterns
of most other NBFRs pointed to likely separate point-sources within
the region. Another study of agricultural soils (n ¼ 38) throughout
Shouguang also revealed ubiquitous contamination by DBDPE with
concentrations ranging 12.0e344 ng/g (Zhu et al., 2014), again
below PBDE levels. Signiﬁcantly, PBDE and DBDPE soil concentra-
tions were spatially correlated suggesting that the traditional and
emerging contaminants shared a common source related to high
density BFR manufacturing in the district. However, no correlation
was determined between PBDE and NBFR concentrations in soils
from polymer manufacturing locations (n ¼ 18) in Melbourne,
Australia (McGrath et al., 2017). Although
P
NBFR concentrations
exceeded
P
8PBDE concentrations in a small number of samples,
PBDE levels were general 1 to 2 orders higher than overall NBFRs.
DBDPEwas only detected in 6 of 18 samples ranging ND to 384 ng/g
while BTBPE ranged ND to 63.8 ng/g with a detection frequency of
10 of 18. Only low levels of HBB and PBT were recorded in the
Melbourne manufacturing samples.
5.2. Waste disposal
A number of studies have shown that dumpsites, incinerators
and recycling facilities are each potential sources of NBFRs to soils.
DBDPE and BTBPE concentrations in dumpsite soils (n ¼ 6) from
Surabaya City, Indonesia, were approximately one order of
magnitude higher than corresponding agricultural sample mea-
surements, ranging 0.52e2.5 ng/g and 0.027e0.15 ng/g, respec-
tively (Ilyas et al., 2011). BTBPE levels were typically around 1 order
below mono-nona-BDE levels while DBDPE/BDE-209 ratios were
generally below one, ranging from 0.10 to 1.8 in individual samples.
BTBPE was detected at a concentration of 1.43 ng/g in one of two
domestic dumpsites sampled in Melbourne, Australia, along with
trace levels of HBB and PBT (McGrath et al., 2017). Interestingly,
HBB measured 90.9 ng/g in the second of the dumpsite soils, which
was the highest single measurement for this compound of any
sample analysed from Melbourne (n ¼ 30). McGrath et al. (2017)
described a strong positive correlation (p ¼ 0.002) betweenP
NBFRs and
P
PBDEs among soils fromwaste disposal sites (n¼ 6)
generally, to suggest that incinerators, dumpsites and e-waste
recycling facilities in Melbourne are each sources of both ﬂame
retardant classes. Of the Melbourne waste disposal facilities, the
most signiﬁcant NBFR contamination was observed at e-waste
recycling sites. DBDPE, BTBPE, EH-TBB, HBB and PBT were each
detected at concentrations ranging from 72.9 to 295 ng/g,
7.28e11.4 ng/g, ND to 1.79 ng/g, 0.16e11.8 ng/g and ND to 0.10 ng/g,
respectively. These concentrations rival those of tri-hepta-BDE
congeners measured in the same samples and indicate that
NBFRs are released from these facilities in a similar manner to
PBDEs. NBFR soil contamination resulting from e-waste processing
activities has been investigated in a number of studies. A broad
suite of NBFRs were detected in soil samples from an intensive e-
waste dismantling and recycling area of Tianjin City, China (Hong
et al., 2016). DBDPE concentrations were of a similar order toP
PBDE levels, ranging from 4.20 to 558 ng/g (mean; 123 ng/g),
while the next highest concentrations were observed for BTBPE and
hexachlorocyclopentenyl-dibromocyclooctane (HCDBCO), ranging
from 0.250 to 5.90 ng/g (mean; 1.78 ng/g) and 1.05e2.97 ng/g
(mean; 1.57 ng/g). DBDPEwas themost prevalent NBFR among soils
of an e-waste processing workshop (n ¼ 10) in Hung Yen Province,
Vietnam, ranging from <1 to 920 ng/g, while again, lower levels of
BTBPE were determined (<0.2e56 ng/g) followed by HBB
(<0.2e34 ng/g) (Matsukami et al., 2017). The maximum concen-
trations of DBDPE and HBB measured at open e-waste burning sites
in the same study (n ¼ 3), however, were just 2.9 and 0.33 ng/g,
respectively, while BTBPE was not detected. An earlier assessment
of the Hung Yen site detected a variety of other NBFRs in the e-
waste soils including BEH-TEBP (ND to 20 ng/g) and octabromo-
1,3,3- trimethyl-1-phenylindane (OBIND) (ND to 17 ng/g)
although most compounds were only present at trace levels
(Someya et al., 2016).
P
PBDEs concentrations were higher in the
workshop and burning sites of both studies, but of a similar order
(Matsukami et al., 2017). NBFRs have also been measured in agri-
cultural soils of e-waste districts in China and Vietnam to highlight
the potential for atmospheric transfer from direct point sources
(Shi et al., 2009; Zhang et al., 2015b; Matsukami et al., 2017).
5.3. Non-industrial locations
NBFRs were detected in soils from each of the sample transects
through Birmingham, England, and Stockholm, Sweden. Drage et al.
(2016) identiﬁed a number of NBFRs at low levels in the Birming-
ham soils, which displayed no relationship to urban density. DBDPE
was present in seven samples with a maximum level of 0.99 ng/g
om, while allyl 2,4,6-tribromodiphenyl ether (ATE) was observed in
all samples ranging from 0.010 to 0.69 ng/g om. DBDPE levels in
Stockholm were, in fact, slightly higher than BDE-209 concentra-
tions (geometric mean; 2.7 ng/g om, range; 0.20e160 ng/g om) and
exceeded the levels of all other PBDE congeners by a substantial
margin (Newton et al., 2015). HBB and PBT were quantiﬁed in a
small number of samples with maximum concentrations of 6.1 and
0.018 ng/g om, respectively, while nine other NBFRs were not
detected in any samples. Again, no urban pulse effect was observed
for any of the NBFRs in the Stockholm samples. Although PBDEs
were detected in all six urban background samples from Mel-
bourne, Australia, only trace levels of HBB and PBT were deter-
mined among the residential and parkland soils (McGrath et al.,
2017). DBDPE, BTBPE, BEH-TBEP, EH-TBB, HBB and PBEB were all
detected in forest soils samples from China ranging from 0.005 to
13 ng/g om, ND to 0.330 ng/g om, 0.0055e0.526 ng/g om, ND to
1.60 ng/g om, ND to 0.042 ng/g OM and ND to 0.070 ng/g om,
respectively, to indicate that the novel compounds are likely
transported from China's industrial regions (Zheng et al., 2015).
6. Knowledge gaps and recommendations
Research from Asia and Africa has clearly demonstrated that
processing of electronic and electrical wastes has a high potential to
contaminate onsite and surrounding soils with BFRs. Although the
scale of e-waste processing is likely to be much greater in these
regions, estimates predict that roughly 66e83% of the 21.9 Mt/y of
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Table 2
Novel brominated ﬂame retardant (NBFR) concentrations in surface soil (ng/g).
Country Period Land-Use description n Compound Mean Min Max Reference
Australia MareJun 2014 Polymer manufacturing 18 DBDPE 29.0 <5.00 384 (McGrath et al., 2017)
BTBPE 6.86 <0.02 63.8
EH-TBB <0.02 <0.02 <0.02
HBB 0.12 <0.03 1.37
PBT <0.03 <0.01 <0.03
Waste disposal 6 DBDPE 62.7 <5.00 295
BTBPE 3.35 <0.02 11.4
EH-TBB 0.30 <0.02 1.79
HBB 17.2 <0.03 90.9
PBT 0.03 <0.01 0.10
Non-industrial 6 DBDPE <5.00 <5.00 <5.00
BTBPE <0.02 <0.02 <0.02
EH-TBB <0.02 <0.02 <0.02
HBB <0.03 <0.03 <0.03
PBT <0.03 <0.01 <0.03
* PBEB
China Jun 2011 E-waste processing region 5 DBDPE 123 4.20 558 (Hong et al., 2016)
BTBPE 1.78 0.250 5.90
HBB 0.798 0.0983 2.93
PBEB 0.131 0.0572 0.396
PBT 0.0450 <0.018 0.225
ATE 0.0484 0.0463 0.0537P
(aþb)
TBECH
e 0.0486 0.309
PBB 0.0672 <0.022 0.285P
(aþb) TBCO e <0.0493 0.0890
DPTE 0.160 0.0387 0.408
PBBA 0.0227 <0.027 0.579
HCDBCO 1.57 1.05 2.97
* pTBX, BATE, OBIND
China Aug 2014 BFR manufacturing 49 DBDPE 1200 12 9000 (Li et al., 2016)
HBB 0.89 <0.02 17
PBEB 0.72 <0.03 6.6
PBT 4.9 <0.02 190
pTBX 0.18 <0.03 2.9
PBB 0.77 <0.03 18
DPTE 4.1 <0.02 81
BFR manufacturing 30 DBDPE 810 <6.1 4600
HBB 0.31 <0.02 2.0
PBEB 0.48 <0.03 7.4
PBT 1.3 <0.02 8.6
pTBX 0.03 <0.03 0.13
PBB 0.31 <0.03 3.4
DPTE 0.23 <0.02 3.1
China Jul 2011 BFR manufacturing and general industry region 87 DBDPE 36 <6.1 1610 (Lin et al., 2015)
China Jan 2006eMar 2007 Farmland in industrial and e-waste processing region 8 DBDPE 15a <2.5 35.8 (Shi et al., 2009)
BTBPE 1a 0.02 6.19
TBBPA-DBPE 19.5a <1.50 60.4
China Oct 2006 Urban, suburban, rural and background regions 17 BTBPE 0.00929 <0.090 0.0336 (Wang et al., 2009c)
PBEB 0.000481 <0.090 0.00195
China Dec 2009eMar 2010 Residential, industrial, landﬁll, agriculture, forestry and
drinking water source regions
229 DBDPE 29 <0.086 530 (Wei et al., 2016)
HBB 3.4 <0.017 720
China e Rice paddy 10 DBDPE 0.92 0.88 1.0 (Zhang et al., 2015b)
BTBPE 0.20 0.16 0.23
Rice paddy located in e-waste processing region 10 DBDPE 41 28 42
BTBPE 3.9 3.7 4.1
China May 2012eMar
2013
Forested areas 82 DBDPE 0.66b 0.005b 13b (Zheng et al., 2015)
BTBPE 0.0485b <0.0033b 0.330b
BEH-TEBP 0.0689b 0.0055b 0.526b
EH-TBB 0.184b <0.0024b 1.60b
HBB 0.0072b <0.0020b 0.042b
PBEB 0.0090b <0.0011b 0.070b
China May 2008 Agriculture (industrial and BFR manufacturing region) 38 DBDPE 66.4c 12.0 344 (Zhu et al., 2014)
England Jan 2013 60 km rural-urban transect 8 DBDPE 0.38a,d <0.022a 0.99a (Drage et al., 2016)
ATE 0.23a,d 0.010a 0.69a
BATE e <0.00074a 0.049a
* BEH-TEBP, TBECH, OBTMPI
Indonesia AugeSep 2008 Urban roadside 6 DBDPE 4.2a 0.65 7.6 (Ilyas et al., 2011)
BTBPE 0.20a ND 0.43
Industrial roadside 4 DBDPE 2.7a ND 4.3
BTBPE 0.76a 0.16 1.7
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Table 2 (continued )
Country Period Land-Use description n Compound Mean Min Max Reference
Rural roadside 4 DBDPE 1.2a ND 3.4
BTBPE 0.033a ND 0.13
Municipal dumping site 6 DBDPE 1.7a 0.52 2.5
BTBPE 0.097a 0.027 0.15
Agricultural 3 DBDPE 0.11a 0.058 0.16
BTBPE 0.019a ND 0.056
Sweden FebeMay 2012 Urban transect 8 DBDPE 2.7c,d 0.20d 160d (Newton et al., 2015)
HBB 0.0069c,d <0.00079d 6.1d
PBT 0.011c,d <0.0085d 0.018d
* BTBPE, BEH-TEBP, EH-TBB, TBECH
Vietnam Jan 2013 Rice paddy (e-waste processing region) 19 DBDPE e <1 2.9 (Matsukami et al., 2017)
BTBPE e <0.2 0.91
HBB e <0.2 6.8
E-waste open burning site 3 DBDPE e <1 2.9
BTBPE e <0.2 <0.2
HBB e <0.2 0.33
E-waste processing workshop 10 DBDPE e <1 920
BTBPE e <0.2 56
HBB e <0.2 34
Jan 2014 Rice paddy (e-waste processing region) 19 DBDPE e <1 <1
BTBPE e <0.2 0.44
HBB e <0.2 0.27
E-waste open burning site 3 DBDPE e <1 <1
BTBPE e <0.2 <0.2
HBB e <0.2 0.90
E-waste processing workshop 10 DBDPE e 7.8 870
BTBPE e <0.2 88
HBB e <0.2 210
Vietnam e Around e-waste processing workshops 10 DBDPE e 4.6 4200 (Someya et al., 2016)
BTBPE e 0.51 350
BEH-TEBP e ND 20
EH-TBB e ND 0.32
HBB e ND 16
PBEB e ND 0.32
PBT e ND 0.79
a-TBECH e ND 0.49
b-TBECH e ND 0.38
a-TBCO e ND 1.5
b-TBCO e ND ND
PBB e ND 0.56
TBCT e ND ND
DPTE e ND 0.43
PBBA e ND 0.72
OBIND e ND 17
Around e-waste open burning sites 3 DBDPE e ND 10
BTBPE e ND 2.0
BEH-TEBP e ND ND
EH-TBB e ND ND
HBB e ND 1.3
PBEB e ND ND
PBT e ND 0.071
a-TBECH e ND ND
b-TBECH e ND ND
a-TBCO e ND ND
b-TBCO e ND ND
PBB e ND 0.29
TBCT e ND 0.099
DPTE e ND 0.32
PBBA e ND ND
OBIND e ND ND
Footpaths and rice paddy ﬁelds 19 DBDPE e ND ND
BTBPE e ND ND
BEH-TEBP e ND ND
EH-TBB e ND ND
HBB e ND ND
PBEB e ND ND
PBT e ND ND
a-TBECH e ND ND
b-TBECH e ND ND
a-TBCO e ND ND
b-TBCO e ND ND
PBB e ND ND
TBCT e ND ND
(continued on next page)
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e-waste produced in OECD countries during 2005 was processed
domestically (Breivik et al., 2014). Despite these statistics, to date,
the BFR concentrations in soils of recycling facilities outside Africa
and Asia is almost wholly unknown. While it is true that many of
the crude recycling techniques practiced among poorer commu-
nities are less likely to be employed in wealthy nations, funda-
mental processes like manual dismantling, auto-shredding and
open storage of wastes have equally been implicated in BFR
dispersion. There is, therefore, a strong imperative to investigate
the onsite effects of BFRs in soils from e-waste processing in
developed nations. The extent to which BFRs are transferred from
isolated recycling facilities to surrounding soils also strongly war-
rants further research attention.
In considering the future assessment of PBDE soil contamination
more generally, it is important to note that BDE-209 has dominated
the congener proﬁle in an overwhelming majority of the studies in
which it was sought. While speciﬁc analytical challenges have
impeded measurement of BDE-209 in the past, recent advances in
extraction and quantitation techniques means that assessment of
BDE-209 is generally achievable using the technology typically
applied to lower-brominated congeners (Cristale and Lacorte, 2013;
Kalachova et al., 2013; Brits et al., 2016). Traditionally, the human
and ecological health risks posed by BDE-209 have been estimated
to be less severe than those of the lighter congeners due to reduced
bioaccumulation potential. A number of studies have shown,
however, that soil microorganisms are capable of metabolizing
BDE-209 to lesser-brominated PBDEs including UN Stockholm
Convention registered tetra-hepta-BDE congeners (Chou et al.,
2013; Lu et al., 2013; Xu and Wang, 2014). With regards to these
facts, inclusion of BDE-209 in all future analyses is critical to ach-
ieve a comprehensive evaluation of overall PBDE soil burden.
Many studies assessing PBDE contamination of soil have done so
in conjunction with analysis of replacement NBFRs. While NBFRs
are typically present at concentrations 2 to 3 orders lower than
PBDE levels, numerous examples exist where contamination by the
emerging compounds has exceeded that of traditional ﬂame re-
tardants. In most cases, sources of NBFRs to soil appear to match
those of PBDEs, as evidenced by correlations between levels of the
two classes in soil. Similar distribution patterns between speciﬁc
NBFR and PBDEs also suggest that the replacement compounds are
subject to comparable environmental transport and fate. With the
replacement of PBDEs by NBFRs in many consumer goods, it is
likely that the proportion of the emerging ﬂame retardants inwaste
streams will continue to grow, subsequently increasing potential
for release to the environment. Many more studies of NBFRs in soil
are required to elucidate the true contamination potential of these
replacement compounds and to aid in assessing the suitability of
NBFRs as “safer” replacements for PBDEs.
7. Conclusion
PBDEs have been ubiquitously detected in soils across theworld,
while replacement NBFRs are frequently detected at a variety of
land-uses. Principle production of BFRs and the consequent use of
ﬂame retardants in secondary polymer manufacture have been
implicated as processes with strong potential to contaminate sur-
rounding soils. Evidence suggests that PBDEs and NBFRs are also
released from ﬂame retarded products during disposal via landﬁll,
dumping, incineration and recycling. Electronic waste appears to be
one of the greatest contributors to contamination in regions where
the practice is widespread. High levels of contamination have been
indicated in China and other parts of Asia and Africawhere informal
methods such as burning or acid-stripping of electrical components
may enhance release of PBDEs and NBFRs. PBDEs have also been
determined in almost all background soils assessed including
remote areas of Antarctica and northern polar regions. Sources to
these regions are likely to be a combination of long range atmo-
spheric transport and emission from ﬂame retarded goods onsite.
PBDE congener proﬁles in soil were broadly representative of the
major constituents in Penta-, Octa- and Deca-BDE commercial
mixtures. BDE-209 dominated soil proﬁles, followed by BDE-99 and
BDE-47.
Although much more research is required to gain baseline data
on NBFRs in soil, the current state of scientiﬁc literature suggests
that NBFRs pose a similar risk to land contamination as PBDEs.
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Table 2 (continued )
Country Period Land-Use description n Compound Mean Min Max Reference
DPTE e ND ND
PBBA e ND ND
OBIND e ND ND
* BATE, pTBX, HCDBCO, T23BPIC
DBDPE ¼ decabromodiphenylethane, BTBPE ¼ 1,2-bis(2,4,6- tribromophenoxy)ethane, EH-TBB ¼ 2-ethylhexyl-2,3,4,5-tetrabromobenzoate, HBB ¼ hexabromobenzene,
PBT ¼ 2,3,4,5,6- pentabromotoluene, PBEB ¼ 2,3,4,5,6-pentabromoethylbenzene, ATE ¼ allyl 2,4,6- tribromophenyl ether, TBECH ¼ 1,2-dibromo-4-(1,2-dibromoethyl)
cyclohexane, PBB ¼ 1,2,3,4,5-pentabromobenzene, TBCO ¼ 1,2,5,6-tetrabromocyclooctane, DPTE ¼ 2,3-dibromopropyl-2,4,6-tribromophenyl ether,
PBBA ¼ pentabromobenzylacrylate, HCDBCO ¼ hexachlorocyclopentadienyldibromo-cyclooctane, pTBX ¼ 2,3,5,6-tetrabromo-p-xylene, BATE ¼ 2-bromoallyl 2,4,6-
tribromophenyl ether, OBIND ¼ octabromo-1,3,3-trimethyl-1-phenylindane, TBBPA-DBPE ¼ tetrabromobisphenol A bis(2,3-dibromopropyl ether), BEH-TBEP ¼ bis(2-
ethylhexyl) tetrabromophtalate, TBCT ¼ tetrabromo-o-chlorotoluene, T23BPIC ¼ tris(2,3-dibromopropyl) isocyanurate.
All values are reported on a dry weight basis unless otherwise stated.
All values reported to a maximum of 3 signiﬁcant ﬁgures.
ND ¼ not detected. Non-detects have been reported as lower limits for all instances where numerical values were provided.
* Sought but not detected in any sample.
a Value calculated from original data (reported to least number of signiﬁcant ﬁgures of individual measurements).
b ng/g wet weight.
c Geometric mean.
d Concentration reported in ng/g organic matter.
T.J. McGrath et al. / Environmental Pollution 230 (2017) 741e757754
McGrath, T.J. Doctoral Thesis 2018
Page 34
Environ. Pollut. 201, 131e140.
AMAP, 2004. Persistent Toxic Substances, Food Security and Indigenous Peoples of
the Russian North (Final report. Arctic Monitoring and Assessment Programme,
Oslo, Norway).
Amoyaw-Osei, Y., Agyekum, O.O., Pwamang, J.A., Mueller, E., Fasko, R., Schluep, M.,
2011. Ghana e-waste country assessment: Secretariat of the Basel Convention E-
waste Africa Project. Cha^telaine, Switzerland.
Andrade, N.A., McConnell, L.L., Torrents, A., Ramirez, M., 2010. Persistence of pol-
ybrominated diphenyl ethers in agricultural soils after biosolids applications.
J. Agric. Food Chem. 58, 3077e3084.
Breivik, K., Armitage, J.M., Wania, F., Jones, K.C., 2014. Tracking the global generation
and exports of e-waste. Do existing estimates add up? Environ. Sci. Technol. 48,
8735e8743.
Brits, M., de Vos, J., Weiss, J.M., Rohwer, E.R., de Boer, J., 2016. Critical review of the
analysis of brominated ﬂame retardants and their environmental levels in Af-
rica. Chemosphere 164, 174e189.
BSEF, 2003. Major brominated ﬂame retardants volume estimate. Total market
demand by region in 2001. In: Bromine Science and Environmental Forum
(Brussels, Belgium).
Cetin, B., 2014. Soil concentrations and source apportionment of polybrominated
diphenyl ethers (PBDEs) and trace elements around a heavily industrialized
area in Kocaeli, Turkey. Environ. Sci. Pollut. Res. 21, 8284e8293.
Cetin, B., Odabasi, M., 2007. Particle-phase dry deposition and air!soil gas-
exchange of polybrominated diphenyl ethers (PBDEs) in Izmir, Turkey. Envi-
ron. Sci. Technol. 41, 4986e4992.
Cetin, B., Odabasi, M., Bayram, A., 2016. Wet deposition of persistent organic pol-
lutants (POPs) in Izmir, Turkey. Environ. Sci. Pollut. Res. 23, 9227e9236.
Chen, Y., Li, J., Liu, L., Zhao, N., 2012. Polybrominated diphenyl ethers fate in China: a
review with an emphasis on environmental contamination levels, human
exposure and regulation. J. Environ. Manag. 113, 22e30.
Chou, H.L., Chang, Y.T., Liao, Y.F., Lin, C.H., 2013. Biodegradation of deca-
bromodiphenyl ether (BDE-209) by bacterial mixed cultures in a soil/water
system. Int. Biodeterior. Biodegrad. 85, 671e682.
Clarke, R.M., Cummins, E., 2015. Evaluation of “classic” and emerging contaminants
resulting from the application of biosolids to agricultural lands: a review. Hum.
Ecol. Risk Assess. 21, 492e513.
Clarke, B.O., Smith, S.R., 2011. Review of 'emerging' organic contaminants in bio-
solids and assessment of international research priorities for the agricultural
use of biosolids. Environ. Int. 37, 226e247.
Clarke, B., Porter, N., Symons, R., Marriott, P., Ades, P., Stevensen, G., Blackbeard, J.,
2008. Polybrominated diphenyl ethers and polybrominated biphenyls in
Australian sewage sludge. Chemosphere 73, 980e989.
Covaci, A., Harrad, S., Abdallah, M.A.E., Ali, N., Law, R.J., Herzke, D., de Wit, C.A., 2011.
Novel brominated ﬂame retardants: a review of their analysis, environmental
fate and behaviour. Environ. Int. 37, 532e556.
Cristale, J., Lacorte, S., 2013. Development and validation of a multiresidue method
for the analysis of polybrominated diphenyl ethers, new brominated and
organophosphorus ﬂame retardants in sediment, sludge and dust.
J. Chromatogr. A 1305, 267e275.
Danon-Schaffer, M.N., Grace, J.R., Ikonomou, M.G., 2008. PBDEs in waste disposal
sites from Northern Canada. Organohalogen Compd. 70, 365e368.
De la Torre, A., Concejero, M.A., Martínez, M.A., 2012. Concentrations and sources of
an emerging pollutant, decabromodiphenylethane (DBDPE), in sewage sludge
for land application. J. Environ. Sci. 24, 558e563.
de Wit, C.A., Alaee, M., Muir, D.C.G., 2006. Levels and trends of brominated ﬂame
retardants in the Arctic. Chemosphere 64, 209e233.
Deng, C., Chen, Y., Li, J., Li, Y., Li, H., 2016. Environmental pollution of poly-
brominated diphenyl ethers from industrial plants in China: a preliminary
investigation. Environ. Sci. Pollut. Res. 23, 7012e7021.
Dong, Y., Li, L., Bie, P., Jia, S., Wang, Q., Huang, Z., Qiu, X., Zhang, J., Hu, J., 2014.
Polybrominated diphenyl ethers in farmland soils: source characterization,
deposition contribution and apportionment. Sci. Total Environ. 466e467,
524e532.
Drage, D.S., Newton, S., de Wit, C.A., Harrad, S., 2016. Concentrations of legacy and
emerging ﬂame retardants in air and soil on a transect in the UK West Mid-
lands. Chemosphere 148, 195e203.
Duan, Y.-P., Meng, X.-Z., Yang, C., Pan, Z.-Y., Chen, L., Yu, R., Li, F.-T., 2010. Poly-
brominated diphenyl ethers in background surface soils from the Yangtze River
Delta (YRD), China: occurrence, sources, and inventory. Environ. Sci. Pollut. Res.
Int. 17, 948e956.
Eguchi, A., Isobe, T., Ramu, K., Tue, N.M., Sudaryanto, A., Devanathan, G., Viet, P.H.,
Tana, R.S., Takahashi, S., Subramanian, A., Tanabe, S., 2013. Soil contamination
by brominated ﬂame retardants in open waste dumping sites in Asian devel-
oping countries. Chemosphere 90, 2365e2371.
EU, 2003. Directive 2003/11/EC of the European Parliament and of the Council
amending for the 24th time Council Directive 76/769/EEC relating to re-
strictions on the marketing and use of certain dangerous substances and
preparations (pentabromodiphenyl ether, octabromodiphenyl ether). Ofﬁcial J.
Eur. Union L 42, 45e46.
EU, 2009. Desicion 2005/717/EC dExemption of DecaBDE from the prohibition on
use. Ofﬁcial J. Eur. Union Comm. L 271, 48e50.
Ezechi!a"s, M., Covino, S., Cajthaml, T., 2014. Ecotoxicity and biodegradability of new
brominated ﬂame retardants: a review. Ecotoxicol. Environ. Saf. 110, 153e167.
Gao, S., Hong, J., Yu, Z., Wang, J., Yang, G., Sheng, G., Fu, J., 2011. Polybrominated
diphenyl ethers in surface soils from e-waste recycling areas and industrial
areas in South China: concentration levels, congener proﬁle, and inventory.
Environ. Toxicol. Chem. 30, 2688e2696.
Gasp!eri, J., Ayrault, S., Moreau-Guigon, E., Alliot, F., Labadie, P., Budzinski, H.,
Blanchard, M., Muresan, B., Caupos, E., Cladi#ere, M., Gateuille, D., Tassin, B.,
Bordier, L., Teil, M.J., Bourges, C., Desportes, A., Chevreuil, M., Moilleron, R., 2016.
Contamination of soils by metals and organic micropollutants: case study of the
Parisian conurbation. Environ. Sci. Pollut. Res. 1e15.
Gaylor, M.O., Harvey, E., Hale, R.C., 2013. Polybrominated diphenyl ether (PBDE)
accumulation by earthworms (Eisenia fetida) exposed to biosolids-, poly-
urethane foam microparticle-, and penta-BDE-amended soils. Environ. Sci.
Technol. 47, 13831e13839.
Gevao, B., Ghadban, A.N., Uddin, S., Jaward, F.M., Bahloul, M., Zafar, J., 2011. Poly-
brominated diphenyl ethers (PBDEs) in soils along a rural-urban-rural transect:
sources, concentration gradients, and proﬁles. Environ. Pollut. 159, 3666e3672.
Gouteux, B., Alaee, M., Mabury, S.A., Pacepavicius, G., Muir, D.C.G., 2008. Polymeric
brominated ﬂame retardants: are they a relevant source of emerging bromi-
nated aromatic compounds in the environment? Environ. Sci. Technol. 42,
9039e9044.
Hafeez, S., Mahmood, A., Syed, J.H., Li, J., Ali, U., Malik, R.N., Zhang, G., 2016. Waste
dumping sites as a potential source of POPs and associated health risks in
perspective of current waste management practices in Lahore city, Pakistan. Sci.
Total Environ. 562, 953e961.
Hale, R.C., La Guardia, M.J., Harvey, E., Matt Mainor, T., 2002. Potential role of ﬁre
retardant-treated polyurethane foam as a source of brominated diphenyl ethers
to the US environment. Chemosphere 46, 729e735.
Harrad, S., Hunter, S., 2006. Concentrations of polybrominated diphenyl ethers in
air and soil on a rural urban transect across a major UK conurbation. Environ.
Sci. Technol. 40 (15), 4548e4553.
Hassanin, A., Breivik, K., Meijer, S.N., Steinnes, E., Thomas, G.O., Jones, K.C., 2004.
PBDEs in European background soils: levels and factors controlling their dis-
tribution. Environ. Sci. Technol. 38, 738e745.
Hearn, L.K., Hawker, D.W., Mueller, J.F., 2012. Dispersal patterns of polybrominated
diphenyl ethers (PBDEs) in the vicinity of an automotive shredding and metal
recycling facility. Atmos. Pollut. Res. 3, 317e324.
Hearn, L.K., Hawker, D.W., Toms, L.-M.L., Mueller, J.F., 2013. Assessing exposure to
polybrominated diphenyl ethers (PBDEs) for workers in the vicinity of a large
recycling facility. Ecotoxicol. Environ. Saf. 92, 222e228.
Hong, W.J., Jia, H., Ding, Y., Li, W.L., Li, Y.F., 2016. Polychlorinated biphenyls (PCBs)
and halogenated ﬂame retardants (HFRs) in multi-matrices from an electronic
waste (e-waste) recycling site in Northern China. J. Material Cycles Waste
Manag. 1e11.
Ilyas, M., Sudaryanto, A., Setiawan, I.E., Riyadi, A.S., Isobe, T., Ogawa, S., Takahashi, S.,
Tanabe, S., 2011. Characterization of polychlorinated biphenyls and brominated
ﬂame retardants in surface soils from Surabaya, Indonesia. Chemosphere 83,
783e791.
Jiang, Y., Wang, X., Zhu, K., Wu, M., Sheng, G., Fu, J., 2010. Occurrence, compositional
proﬁles and possible sources of polybrominated diphenyl ethers in urban soils
of Shanghai, China. Chemosphere 80, 131e136.
Jiao, X., Tang, Q., Chen, S., Deng, Y., Cao, H., Wang, G., Yang, Y., 2016. Spatial dis-
tribution and temporal trends of farmland soil PBDEs: processes and crop
rotation effects. Environ. Sci. Pollut. Res. 23, 13137e13146.
Jin, J., Wang, Y., Liu, W., Yang, C., Hu, J., Cui, J., 2011. Polybrominated diphenyl ethers
in atmosphere and soil of a production area in China: levels and partitioning.
J. Environ. Sci. 23, 427e433.
Kalachova, K., Cajka, T., Sandy, C., Hajslova, J., Pulkrabova, J., 2013. High throughput
sample preparation in combination with gas chromatography coupled to triple
quadrupole tandem mass spectrometry (GC-MS/MS): a smart procedure for
(ultra)trace analysis of brominated ﬂame retardants in ﬁsh. Talanta 105,
109e116.
Kim, M., Guerra, P., Alaee, M., Smyth, S.A., 2014a. Occurrence and fate of four novel
brominated ﬂame retardants in wastewater treatment plants. Environ. Sci.
Pollut. Res. 21, 13394e13404.
Kim, U.J., Yen, N.T.H., Oh, J.E., 2014b. Hydroxylated, methoxylated, and parent pol-
ybrominated diphenyl ethers (PBDEs) in the inland environment, Korea, and
potential OH- and MeO-BDE source. Environ. Sci. Technol. 48, 7245e7253.
Kim, M., Li, L.Y., Gorgy, T., Grace, J.R., 2017. Review of contamination of sewage
sludge and amended soils by polybrominated diphenyl ethers based on meta-
analysis. Environ. Pollut. 220 (Part B), 753e765.
Klosterhaus, S.L., Stapleton, H.M., La Guardia, M.J., Greig, D.J., 2012. Brominated and
chlorinated ﬂame retardants in San Francisco Bay sediments and wildlife. En-
viron. Int. 47, 56e65.
Kumar, K.S., Priya, M., Sajwan, K.S., K~olli, R., Roots, O., 2009. Residues of persistent
organic pollutants in Estonian soils (1964-2006). Est. J. Earth Sci. 58, 109e123.
La Guardia, M.J., Hale, R.C., Harvey, E., 2006. Detailed polybrominated diphenyl
ether (PBDE) congener composition of the widely used penta-, octa-, and deca-
PBDE technical ﬂame-retardant mixtures. Environ. Sci. Technol. 40, 6247e6254.
Labunska, I., Harrad, S., Santillo, D., Johnston, P., Brigden, K., 2013. Levels and dis-
tribution of polybrominated diphenyl ethers in soil, sediment and dust samples
collected from various electronic waste recycling sites within Guiyu town,
southern China. Environ. Sci. Process. Impacts 15, 503e511.
Law, K., Halldorson, T., Danell, R., Stern, G., Gewurtz, S., Alaee, M., Marvin, C.,
Whittle, M., Tomy, G., 2006. Bioaccumulation and trophic transfer of some
brominated ﬂame retardants in a Lake Winnipeg (Canada) food web. Environ.
Toxicol. Chem. 25, 2177e2186.
Law, R.J., Covaci, A., Harrad, S., Herzke, D., Abdallah, M.A.E., Fernie, K., Toms, L.M.L.,
T.J. McGrath et al. / Environmental Pollution 230 (2017) 741e757 755
McGrath, T.J. Doctoral Thesis 2018
Page 35
Takigami, H., 2014. Levels and trends of PBDEs and HBCDs in the global envi-
ronment: status at the end of 2012. Environ. Int. 65, 147e158.
Leung, A.O.W., Luksemburg, W.J., Wong, A.S., Wong, M.H., 2007. Spatial distribution
of polybrominated diphenyl ethers and polychlorinated dibenzo-p-dioxins and
dibenzofurans in soil and combusted residue at guiyu, an electronic waste
recycling site in southeast China. Environ. Sci. Technol. 41, 2730e2737.
Li, K., Fu, S., Yang, Z.Z., Xu, X.B., 2008. Composition, distribution and characterization
of polybrominated diphenyl ethers (PBDEs) in the soil in Taiyuan, China. Bull.
Environ. Contam. Toxicol. 81, 588e593.
Li, Y., Duan, Y.P., Huang, F., Yang, J., Xiang, N., Meng, X.Z., Chen, L., 2014. Poly-
brominated diphenyl ethers in e-waste: level and transfer in a typical e-waste
recycling site in Shanghai, Eastern China. Waste Manag. 34, 1059e1065.
Li, H., Qu, R., Yan, L., Guo, W., Ma, Y., 2015a. Field study on the uptake and trans-
location of PBDEs by wheat (Triticum aestivum L.) in soils amended with
sewage sludge. Chemosphere 123, 87e92.
Li, Y., Niu, S., Hai, R., Li, M., 2015b. Concentrations and distribution of poly-
brominated diphenyl ethers (PBDEs) in soils and plants from a deca-BDE
manufacturing factory in China. Environ. Sci. Pollut. Res. Int. 22, 1133e1143.
Li, W.L., Liu, L.Y., Zhang, Z.F., Song, W.W., Huo, C.Y., Qiao, L.N., Ma, W.L., Li, Y.F., 2016.
Brominated ﬂame retardants in the surrounding soil of two manufacturing
plants in China: occurrence, composition proﬁles and spatial distribution. En-
viron. Pollut. 213, 1e7.
Lin, Y., Ma, J., Qiu, X., Zhao, Y., Zhu, T., 2015. Levels, spatial distribution, and exposure
risks of decabromodiphenylethane in soils of North China. Environ. Sci. Pollut.
Res. 22, 13319e13327.
Linares, V., Bell!es, M., Domingo, J.L., 2015. Human exposure to PBDE and critical
evaluation of health hazards. Archives Toxicol. 89, 335e356.
Lu, M., Zhang, Z.Z., Wu, X.J., Xu, Y.X., Su, X.L., Zhang, M., Wang, J.X., 2013. Biodeg-
radation of decabromodiphenyl ether (BDE-209) by a metal resistant strain,
Bacillus cereus JP12. Bioresour. Technol. 149, 8e15.
Luo, Y., Luo, X.-J., Lin, Z., Chen, S.-J., Liu, J., Mai, B.-X., Yang, Z.-Y., 2009. Poly-
brominated diphenyl ethers in road and farmland soils from an e-waste recy-
cling region in Southern China: concentrations, source proﬁles, and potential
dispersion and deposition. Sci. Total Environ. 407, 1105e1113.
Ma, J., Addink, R., Yun, S., Cheng, J., Wang, W., Kannan, K., 2009. Polybrominated
dibenzo-p-dioxins/dibenzofurans and polybrominated diphenyl ethers in soil,
vegetation, workshop-ﬂoor dust, and electronic shredder residue from an
electronic waste recycling facility and in soils from a chemical industrial
complex in eastern China. Environ. Sci. Technol. 43, 7350e7356.
Mahmood, A., Malik, R.N., Syed, J.H., Li, J., Zhang, G., 2015. Dietary exposure and
screening-level risk assessment of polybrominated diphenyl ethers (PBDEs) and
dechloran plus (DP) in wheat, rice, soil and air along two tributaries of the River
Chenab, Pakistan. Chemosphere 118, 57e64.
Matsukami, H., Tue, N.M., Suzuki, G., Someya, M., Tuyen, L.H., Viet, P.H.,
Takahashi, S., Tanabe, S., Takigami, H., 2015. Flame retardant emission from e-
waste recycling operation in northern Vietnam: environmental occurrence of
emerging organophosphorus esters used as alternatives for PBDEs. Sci. Total
Environ. 514, 492e499.
Matsukami, H., Suzuki, G., Someya, M., Uchida, N., Tue, N.M., Tuyen, L.H., Viet, P.H.,
Takahashi, S., Tanabe, S., Takigami, H., 2017. Concentrations of polybrominated
diphenyl ethers and alternative ﬂame retardants in surface soils and river
sediments from an electronic waste-processing area in northern Vietnam,
2012e2014. Chemosphere 167, 291e299.
McGrath, T.J., Morrison, P.D., Sandiford, C.J., Ball, A.S., Clarke, B.O., 2016. Widespread
polybrominated diphenyl ether (PBDE) contamination of urban soils in Mel-
bourne, Australia. Chemosphere 164, 225e232.
McGrath, T.J., Morrison, P.D., Ball, A.S., Clarke, B.O., 2017. Detection of novel
brominated ﬂame retardants (NBFRs) in the urban soils of Melbourne, Australia.
Emerg. Contam. 3, 23e31.
Muresan, B., Lorgeoux, C., Gasperi, J., Moilleron, R., 2010. Fate and spatial variations
of polybrominated diphenyl ethers in the deposition within a heavily urbanized
area: case of Paris (France). Water Sci. Technol. 62, 822e828.
Mwangi, J.K., Lee, W.J., Wang, L.C., Sung, P.J., Fang, L.S., Lee, Y.Y., Chang-Chien, G.P.,
2016. Persistent organic pollutants in the Antarctic coastal environment and
their bioaccumulation in penguins. Environ. Pollut. 216, 924e934.
Navarro, I., de la Torre, A., Sanz, P., Porcel, M.!A., Pro, J., Carbonell, G.,
Martínez, M.D.L.!A., 2017. Uptake of perﬂuoroalkyl substances and halogenated
ﬂame retardants by crop plants grown in biosolids-amended soils. Environ. Res.
152, 199e206.
NEPC, 2013. National Environment Protection (Assessment of Site Contamination)
Measure 1999. National Environment Protection Council, Australia.
Newton, S., Bidleman, T., Bergknut, M., Racine, J., Laudon, H., Giesler, R., Wiberg, K.,
2014. Atmospheric deposition of persistent organic pollutants and chemicals of
emerging concern at two sites in northern Sweden. Environ. Sci. Process. Im-
pacts 16, 298e305.
Newton, S., Sellstr€om, U., De Wit, C.A., 2015. Emerging ﬂame retardants, PBDEs, and
HBCDDs in indoor and outdoor media in Stockholm, Sweden. Environ. Sci.
Technol. 49, 2912e2920.
NICNAS, 2007. Interim Public Health Risk Assessment of Certain PBDE Congeners
Contained in Commercial Preparations of Pentabromodiphenyl Ether and
Octabromodiphenyl Ether. National Industrial Chemicals Notiﬁcation and
Assessment Scheme, Sydney, Australia.
Nie, Z., Tian, S., Tian, Y., Tang, Z., Tao, Y., Die, Q., Fang, Y., He, J., Wang, Q., Huang, Q.,
2015. The distribution and biomagniﬁcation of higher brominated BDEs in
terrestrial organisms affected by a typical e-waste burning site in South China.
Chemosphere 118, 301e308.
Nyholm, J.R., Asamoah, R.K., Van Der Wal, L., Danielsson, C., Andersson, P.L., 2010.
Accumulation of polybrominated diphenyl ethers, hexabromobenzene, and 1,2-
dibromo-4-(1,2-dibromoethyl)cyclohexane in Earthworm (Eisenia fetida). Ef-
fects of soil type and aging. Environ. Sci. Technol. 44, 9189e9194.
Odabasi, M., Bayram, A., Elbir, T., Seyﬁoglu, R., Dumanoglu, Y., Ornektekin, S., 2010.
Investigation of soil concentrations of persistent organic pollutants, trace ele-
ments, and anions due to iron-steel plant emissions in an industrial region in
Turkey. Water, Air, Soil Pollut. 213, 375e388.
Odabasi, M., Ozgunerge Falay, E., Tuna, G., Altiok, H., Kara, M., Dumanoglu, Y.,
Bayram, A., Tolunay, D., Elbir, T., 2015. Biomonitoring the spatial and historical
variations of persistent organic pollutants (POPs) in an industrial region. En-
viron. Sci. Technol. 49, 2105e2114.
Odabasi, M., Dumanoglu, Y., Ozgunerge Falay, E., Tuna, G., Altiok, H., Kara, M.,
Bayram, A., Tolunay, D., Elbir, T., 2016. Investigation of spatial distributions and
sources of persistent organic pollutants (POPs) in a heavily polluted industrial
region using tree components. Chemosphere 160, 114e125.
Olukunle, O.I., Okonkwo, O.J., 2015. Concentration of novel brominated ﬂame re-
tardants and HBCD in leachates and sediments from selected municipal solid
waste landﬁll sites in Gauteng Province, South Africa. Waste Manag. 43,
300e306.
Orta-García, S.T., Ochoa-Martinez, A.C., Carrizalez-Y!a~nez, L., Varela-Silva, J.A., P!erez-
V!azquez, F.J., Pruneda-!Alvarez, L.G., Torres-Dosal, A., Guzm!an-Mar, J.L., P!erez-
Maldonado, I.N., 2015. Persistent organic pollutants and heavy metal concen-
trations in soil from the metropolitan area of Monterrey, Nuevo Leon, Mexico.
Archives Environ. Contam. Toxicol. 70, 452e463.
Parolini, M., Guazzoni, N., Binelli, A., Tremolada, P., 2012. Polybrominated diphenyl
ether contamination in soil, vegetation, and cow milk from a high-mountain
pasture in the Italian alps. Archives Environ. Contam. Toxicol. 63, 29e44.
Parolini, M., Guazzoni, N., Comolli, R., Binelli, A., Tremolada, P., 2013. Background
levels of polybrominated diphenyl ethers (PBDEs) in soils from Mount Meru
area, Arusha district (Tanzania). Sci. Total Environ. 452e453, 253e261.
P!erez-V!azquez, F.J., Flores-Ramirez, R., Ochoa-Martinez, A.C., Orta-Garcia, S.T.,
Hernandez-Castro, B., Carrizalez-Ya~nez, L., P!erez-Maldonado, I.N., 2015a. Con-
centrations of persistent organic pollutants (POPs) and heavy metals in soil
from San Luis Potosí, M!exico. Environ. Monit. Assess. 187, 4119.
P!erez-V!azquez, F.J., Orta-García, S.T., Ochoa-Martínez, !A.C., Pruneda-!Alvarez, L.G.,
Ruiz-Vera, T., Jim!enez-Avalos, J.A., Gonz!alez-Palomo, A.K., P!erez-
Maldonado, I.N., 2015b. Polybrominated diphenyl ethers (PBDEs) concentration
in soil from San Luis Potosi, Mexico: levels and ecological and human health
risk characterization. Int. J. Environ. Health Res. 26, 239e253.
Poma, G., Volta, P., Roscioli, C., Bettinetti, R., Guzzella, L., 2014. Concentrations and
trophic interactions of novel brominated ﬂame retardants, HBCD, and PBDEs in
zooplankton and ﬁsh from Lake Maggiore (Northern Italy). Sci. Total Environ.
481, 401e408.
Qin, P.-H., Ni, H.-G., Liu, Y.-S., Shi, Y.-H., Zeng, H., 2011. Occurrence, distribution, and
source of polybrominated diphenyl ethers in soil and leaves from Shenzhen
Special Economic Zone, China. Environ. Monit. Assess. 174, 259e270.
Rhind, S.M., Kyle, C.E., Kerr, C., Osprey, M., Zhang, Z.L., Duff, E.I., Lilly, A., Nolan, A.,
Hudson, G., Towers, W., Bell, J., Coull, M., McKenzie, C., 2013. Concentrations and
geographic distribution of selected organic pollutants in Scottish surface soils.
Environ. Pollut. 182, 15e27.
Roosens, L., Van Den Brink, N., Riddle, M., Blust, R., Neels, H., Covaci, A., 2007.
Penguin colonies as secondary sources of contamination with persistent
organic pollutants. J. Environ. Monit. 9, 822e825.
Schluep, M., Manhart, A., Osibanjo, O., Rochat, D., Isarin, N., Mueller, E., 2011. Where
Are WEee in Africa? Findings from the Basel Convention E-waste Africa Pro-
gramme. Secretariat of the Basel Convention, Chat^ elaine,Switzerland.
Shi, T., Chen, S.J., Luo, X.J., Zhang, X.L., Tang, C.M., Luo, Y., Ma, Y.J., Wu, J.P., Peng, X.Z.,
Mai, B.X., 2009. Occurrence of brominated ﬂame retardants other than poly-
brominated diphenyl ethers in environmental and biota samples from southern
China. Chemosphere 74, 910e916.
Shi, S., Zhang, L., Yang, W., Zhou, L., Dong, L., Huang, Y., 2014. Levels and spatial
distribution of polybrominated diphenyl ethers (PBDEs) in surface soil from the
Yangtze River Delta, China. Bull. Environ. Contam. Toxicol. 93, 752e757.
Shi, S.X., Huang, Y.R., Zhou, L., Zhang, L.F., Dong, L., Yang, W.L., Zhang, X.L., 2015.
Changes of polybrominated diphenyl ethers and polychlorinated biphenyls in
surface soils from urban agglomeration of the Yangtze River Delta, in China
between 2003 and 2012. Environ. Sci. Pollut. Res. 22, 9766e9774.
Someya, M., Suzuki, G., Ionas, A.C., Tue, N.M., Xu, F., Matsukami, H., Covaci, A.,
Tuyen, L.H., Viet, P.H., Takahashi, S., Tanabe, S., Takigami, H., 2016. Occurrence of
emerging ﬂame retardants from e-waste recycling activities in the northern
part of Vietnam. Emerg. Contam. 2, 58e65.
Stapleton, H.M., Sharma, S., Getzinger, G., Ferguson, P.L., Gabriel, M., Webster, T.F.,
Blum, A., 2012. Novel and high volume use ﬂame retardants in US couches
reﬂective of the 2005 PentaBDE phase out. Environ. Sci. Technol. 46,
13432e13439.
Sun, Y., Yuan, G.L., Li, J., Li, J.C., Wang, G.H., 2015. Polybrominated diphenyl ethers in
surface soils near the changwengluozha glacier of central Tibetan plateau,
China. Sci. Total Environ. 511, 399e406.
Sun, H., Qi, Y., Zhang, D., Li, Q.X., Wang, J., 2016. Concentrations, distribution,
sources and risk assessment of organohalogenated contaminants in soils from
Kenya, Eastern Africa. Environ. Pollut. 209, 177e185.
Syed, J.H., Malik, R.N., Li, J., Wang, Y., Xu, Y., Zhang, G., Jones, K.C., 2013. Levels,
proﬁle and distribution of dechloran plus (DP) and polybrominated diphenyl
T.J. McGrath et al. / Environmental Pollution 230 (2017) 741e757756
McGrath, T.J. Doctoral Thesis 2018
Page 36
ethers (PBDEs) in the environment of Pakistan. Chemosphere 93, 1646e1653.
Thorenz, U.R., Musa Bandowe, B.A., Sobocka, J., Wilcke, W., 2010. Method optimi-
zation to measure polybrominated diphenyl ether (PBDE) concentrations in
soils of Bratislava, Slovakia. Environ. Pollut. 158, 2208e2217.
Tombesi, N., Pozo, K., !Alvarez, M., P"ribylov!a, P., Kuku"cka, P., Audy, O., Kl!anov!a, J.,
2017. Tracking polychlorinated biphenyls (PCBs) and polybrominated diphenyl
ethers (PBDEs) in sediments and soils from the southwest of Buenos Aires
Province, Argentina (South eastern part of the GRULAC region). Sci. Total En-
viron. 575, 1470e1476.
UNEP, 2009. Stockholm Convention on Persistent Organic Pollutants. Stockholm, 22
May 2001, Adoption of Amendments to Annexes A, B and C. Reference:
C.N.524.2009.TREATIES-4 (Depository Notiﬁcation). United Nations Environ-
ment Program, Stockholm, Sweden.
UNEP, 2013. Proposal to List Decabromodiphenyl Ether (Commercial Mixture, C-
decaBDE) in Annexes A, B And/or C to the Stockholm Convention on Persistent
Organic Pollutants. Stockholm Convention on Persistent Organic Pollutants,
Stockholm, Sweden.
USEPA, 2010. United States. DecaBDE Phase-out Initiative, Exisiting Chemicals
Factsheet. Environment Protection Agency, Washington, USA.
USEPA, 2017. Risk Assessment; Regional Screening Levels (RSLs), 17/05/2017.
https://www.epa.gov/risk/regional-screening-levels-rsls.
Vecchiato, M., Zambon, S., Argiriadis, E., Barbante, C., Gambaro, A., Piazza, R., 2015.
Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs)
in Antarctic ice-free areas: inﬂuence of local sources on lakes and soils.
Microchem. J. 120, 26e33.
Wang, D., Cai, Z., Jiang, G., Leung, A., Wong, M.H., Wong, W.K., 2005. Determination
of polybrominated diphenyl ethers in soil and sediment from an electronic
waste recycling facility. Chemosphere 60, 810e816.
Wang, H.M., Yu, Y.J., Han, M., Yang, S.W., Li, Q., Yang, Y., 2009a. Estimated PBDE and
PBB congeners in soil from an electronics waste disposal site. Bull. Environ.
Contam. Toxicol. 83, 789e793.
Wang, P., Zhang, Q., Wang, Y., Wang, T., Li, X., Li, Y., Ding, L., Jiang, G., 2009b. Altitude
dependence of polychlorinated biphenyls (PCBs) and polybrominated diphenyl
ethers (PBDEs) in surface soil from Tibetan Plateau, China. Chemosphere 76,
1498e1504.
Wang, X., Ren, N., Qi, H., Ma, W., Li, Y., 2009c. Levels and distribution of brominated
ﬂame retardants in the soil of Harbin in China. J. Environ. Sci. 21, 1541e1546.
Wang, L.-C., Lee, W.-J., Lee, W.-S., Chang-Chien, G.-P., 2010a. Emission estimation
and congener-speciﬁc characterization of polybrominated diphenyl ethers from
various stationary and mobile sources. Environ. Pollut. 158, 3108e3115.
Wang, L.C., Hsi, H.C., Wang, Y.F., Lin, S.L., Chang-Chien, G.P., 2010b. Distribution of
polybrominated diphenyl ethers (PBDEs) and polybrominated dibenzo-p-
dioxins and dibenzofurans (PBDD/Fs) in municipal solid waste incinerators.
Environ. Pollut. 158, 1595e1602.
Wang, P., Zhang, Q.H., Wang, T., Chen, W.H., Ren, D.W., Li, Y.M., Jiang, G.B., 2012.
PCBs and PBDEs in environmental samples from king George Island and Ardley
Island, Antarctica. RSC Adv. 2, 1350e1355.
Wang, S., Zhang, S., Huang, H., Niu, Z., Han, W., 2014a. Characterization of poly-
brominated diphenyl ethers (PBDEs) and hydroxylated and methoxylated
PBDEs in soils and plants from an e-waste area, China. Environ. Pollut. 184,
405e413.
Wang, Y., Luo, C., Li, J., Yin, H., Zhang, G., 2014b. Inﬂuence of plants on the distri-
bution and composition of PBDEs in soils of an e-waste dismantling area: ev-
idence of the effect of the rhizosphere and selective bioaccumulation. Environ.
Pollut. 186, 104e109.
Wang, Y., Wang, S., Xu, Y., Luo, C., Li, J., Zhang, G., 2015a. Characterization of the
exchange of PBDEs in a subtropical paddy ﬁeld of China: a signiﬁcant inputs of
PBDEs via air-foliage exchange. Environ. Pollut. 205, 1e7.
Wang, Z., Na, G., Ma, X., Ge, L., Lin, Z., Yao, Z., 2015b. Characterizing the distribution
of selected PBDEs in soil, moss and reindeer dung at Ny-Ålesund of the Arctic.
Chemosphere 137, 9e13.
Wang, S., Wang, Y., Song, M., Luo, C., Li, J., Zhang, G., 2016. Distributions and
compositions of old and emerging ﬂame retardants in the rhizosphere and non-
rhizosphere soil in an e-waste contaminated area of South China. Environ.
Pollut. 208, 619e625.
Wei, Y.L., Bao, L.J., Wu, C.C., Zeng, E.Y., 2016. Characterization of anthropogenic
impacts in a large urban center by examining the spatial distribution of halo-
genated ﬂame retardants. Environ. Pollut. 215, 187e194.
WHO, 1997. Flame Retardants: a General Introduction. Environmental health
criteria 192. http://www.inchem.org/documents/ehc/ehc/ehc192.htm, 18/5/
2017.
Wild, S., McLagan, D., Schlabach, M., Bossi, R., Hawker, D., Cropp, R., King, C.K.,
Stark, J.S., Mondon, J., Nash, S.B., 2015. An antarctic research station as a source
of brominated and perﬂuorinated persistent organic pollutants to the local
environment. Environ. Sci. Technol. 49, 103e112.
Wu, M.H., Pei, J.C., Zheng, M., Tang, L., Bao, Y.Y., Xu, B.T., Sun, R., Sun, Y.F., Xu, G.,
Lei, J.Q., 2015. Polybrominated diphenyl ethers (PBDEs) in soil and outdoor dust
from a multi-functional area of Shanghai: levels, compositional proﬁles and
interrelationships. Chemosphere 118, 87e95.
Xu, G., Wang, J., 2014. Biodegradation of decabromodiphenyl ether (BDE-209) by
white-rot fungus Phlebia lindtneri. Chemosphere 110, 70e77.
Yang, Z.Z., Zhao, X.R., Zhao, Q., Qin, Z.F., Qin, X.F., Xu, X.B., Jin, Z.X., Xu, C.X., 2008.
Polybrominated diphenyl ethers in leaves and soil from typical electronic waste
polluted area in South China. Bull. Environ. Contam. Toxicol. 80, 340e344.
Yu, G., Bu, Q., Cao, Z., Du, X., Xia, J., Wu, M., Huang, J., 2016. Brominated ﬂame re-
tardants (BFRs): a review on environmental contamination in China. Chemo-
sphere 150, 479e490.
Yun, S.H., Addink, R., McCabe, J.M., Ostaszewski, A., Mackenzie-taylor, D.,
Taylor, A.B., Kannan, K., 2008. Polybrominated diphenyl ethers and poly-
brominated biphenyls in sediment and ﬂoodplain soils of the Saginaw River
Watershed, Michigan, USA. Archives Environ. Contam. Toxicol. 55, 1e10.
Zehra, A., Eqani, S.A.M.A.S., Katsoyiannis, A., Schuster, J.K., Moeckel, C., Jones, K.C.,
Malik, R.N., 2015. Environmental monitoring of organo-halogenated contami-
nants (OHCs) in surface soils from Pakistan. Sci. Total Environ. 506e507,
344e352.
Zeng, L., Yang, R., Zhang, Q., Zhang, H., Xiao, K., Zhang, H., Wang, Y., Lam, P.K.S.,
Jiang, G., 2014. Current levels and composition proﬁles of emerging halogenated
ﬂame retardants and dehalogenated products in sewage sludge from municipal
wastewater treatment plants in China. Environ. Sci. Technol. 48, 12586e12594.
Zhang, Y., Fu, S., Liu, X., Li, Z., Dong, Y., 2013. Polybrominated diphenyl ethers in soil
from three typical industrial areas in Beijing, China. J. Environ. Sci. (China) 25,
2443e2450.
Zhang, S., Xu, X., Wu, Y., Ge, J., Li, W., Huo, X., 2014a. Polybrominated diphenyl
ethers in residential and agricultural soils from an electronic waste polluted
region in South China: distribution, compositional proﬁle, and sources. Che-
mosphere 102, 55e60.
Zhang, Z.L., Leith, C., Rhind, S.M., Kerr, C., Osprey, M., Kyle, C., Coull, M., Thomson, C.,
Green, G., Maderova, L., McKenzie, C., 2014b. Long term temporal and spatial
changes in the distribution of polychlorinated biphenyls and polybrominated
diphenyl ethers in Scottish soils. Sci. Total Environ. 468e469, 158e164.
Zhang, W., Lu, Y., Gao, S., Jia, X., Yu, Z., Zeng, X., Sheng, G., Fu, J., 2015a. Determi-
nation of polybrominated diphenyl ethers in soils and sediment of Hanfeng
Lake, Three Gorges. J. Environ. Sci. Health - Part A Toxic/Hazardous Subst. En-
viron. Eng. 50, 1316e1323.
Zhang, Y., Luo, X.J., Mo, L., Wu, J.P., Mai, B.X., Peng, Y.H., 2015b. Bioaccumulation and
translocation of polyhalogenated compounds in rice (Oryza sativa L.) planted in
paddy soil collected from an electronic waste recycling site, South China.
Chemosphere 137, 25e32.
Zhang, J.H., Zhang, Z., Chen, G.H., 2016. Distribution of polychlorinated biphenyls
and polybrominated diphenyl ethers in soils of a previous E-waste processing
center. Toxicol. Environ. Chem. 98, 204e215.
Zheng, X., Liu, X., Jiang, G., Wang, Y., Zhang, Q., Cai, Y., Cong, Z., 2012. Distribution of
PCBs and PBDEs in soils along the altitudinal gradients of Balang Mountain, the
east edge of the Tibetan Plateau. Environ. Pollut. 161, 101e106.
Zheng, Q., Nizzetto, L., Li, J., Mulder, M.D., S!a"nka, O., Lammel, G., Bing, H., Liu, X.,
Jiang, Y., Luo, C., Zhang, G., 2015. Spatial distribution of old and emerging ﬂame
retardants in Chinese forest soils: sources, trends and processes. Environ. Sci.
Technol. 49, 2904e2911.
Zhu, Z.C., Chen, S.J., Zheng, J., Tian, M., Feng, A.H., Luo, X.J., Mai, B.X., 2014. Occur-
rence of brominated ﬂame retardants (BFRs), organochlorine pesticides (OCPs),
and polychlorinated biphenyls (PCBs) in agricultural soils in a BFR-
manufacturing region of North China. Sci. Total Environ. 481, 47e54.
Zou, M.-Y., Ran, Y., Gong, J., Mai, B.-X., Zeng, E.Y., 2007. Polybrominated diphenyl
ethers in watershed soils of the Pearl River Delta, China: occurrence, inventory,
and fate. Environ. Sci. Technol. 41, 8262e8267.
T.J. McGrath et al. / Environmental Pollution 230 (2017) 741e757 757
McGrath, T.J. Doctoral Thesis 2018
Page 37
 Chapter 3. 
Selective pressurized liquid extraction of replacement 
and legacy brominated flame retardants from soil 
Published in Journal of Chromatography A, 2016, 1458, 118-125 
 
Thomas J. McGrath,a Paul D. Morrison,a,b Andrew S. Ball,a Bradley O. Clarkea 
 
a Centre for Environmental Sustainability and Remediation (EnSuRe), School of Science, RMIT 
University, GPO Box 2476, Melbourne, Victoria 3001, Australia 
b Australian Centre for Research on Separation Science (ACROSS), School of Science, RMIT 
University, GPO Box 2476, Melbourne, Victoria 3001, Australia 
 
Preface 
To accomplish the objectives of this thesis a sensitive, reliable and robust method for the 
simultaneous quantitation of PBDEs and NBFRs in environmental soil samples was required. A 
number of techniques have been applied for the extraction of multiple halogenated compounds 
from complex matrices which typically includes dissolution into organic solvents followed by 
purification using chromatographic and destructive methods. Selective pressurized liquid extraction 
(S-PLE) applies a relatively new approach to analyte separation by incorporating the extraction and 
cleanup steps into a single automated process using an Accelerated Solvent Extraction (ASE) 
instrument. The automated nature of S-PLE provides time-saving benefits and also reduces the risk 
of sample contamination inherent in manual tasks associated with traditional methods. This chapter 
describes the optimization and validation of an S-PLE protocol for the extraction of PBDEs and 
NBFRs from soil, followed by quantitation using gas chromatography coupled to tandem mass 
spectrometry (GC-MS/MS). 
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 The method described in this Chapter underwent slight modification throughout the duration of 
this doctoral work as small improvements were made. Most notably, the issues relating to extraction 
and quantitation of DBDPE were rectified and validated via repeated spike and recovery tests as part 
of the ongoing quality assurance measures conducted with each study. The exact parameters and 
procedures used in each study are described in detail throughout each of the Chapters and 
corresponding Supporting Information pages. 
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a  b  s  t  r  a  c  t
Polybrominated  diphenyl  ethers  (PBDEs)  are  a  class  of  flame  retardant  registered  as UN  POPs  due  to
their persistence  in  the  environment,  bioaccumulation  potential  and  toxicity.  Replacement  novel  bromi-
nated  flame  retardants  (NBFRs)  have  exhibited  similar  health  hazards  and  environmental  distribution,
becoming  recognized  as  significant  contaminants.  This  work  describes  the  development  and  validation
of  a sensitive  and  reliable  method  for the  simultaneous  quantitation  of PBDEs  and  NBFRs  in environmen-
tal  soil samples  using  selective  pressurized  liquid  extraction  (S-PLE)  and  gas  chromatography  coupled
to triple  quadrupole  mass  spectrometry  (GC-(EI)-MS/MS).  Under  optimal  conditions,  extraction  of  eight
PBDEs (−28, −47,  −99, −100,  −153, −154,  −183  and  −209)  and  five  NBFRs;  pentabromotoluene  (PBT),
pentabromoethylbenzene  (PBEB),  hexabromobenzene  (HBB),  2-ethylhexyl-2,3,4,5-tetrabromobenzoate
(EH-TBB)  and  bis(2,4,6-tribromophenoxy)ethane  (BTBPE)  was  performed  at 100◦ C and  1500  psi using  a
1:1  mixture  of  hexane  and  dichloromethane.  The  method  utilized  33  mL  capacity  PLE  cells containing,
from  bottom  to  top,  a single  cellulose  filter,  3 g activated  Florisil,  6  g acid  silica  (10%  w/w),  3 g  Na2SO4,
another  cellulose  filter,  2  g  activated  copper  powder  and  3 g soil sample  dispersed  in 2  g Na2SO4 and
1  g of Hydromatrix.  The method  was  evaluated  by  repeated  extraction  and  analysis  of  all  analytes  from
3 g soil at  three  spike  concentrations.  Good  recoveries  were  observed  for most  analytes  at  each  of the
spiking  levels  with  RSD  values  generally  below  20%.  MDLs  ranged  from  0.01  to 4.8  ng/g dw  for  PBDEs and
0.01–0.55  ng/g  dw  for  NBFRs.  The  described  one-step  combined  extraction  and cleanup  method  reduces
sample  processing  times  compared  with  traditional  procedures,  while  delivering  comparable  analyti-
cal  performance.  The  method  was  successfully  applied  to environmental  soil samples  (n = 5),  detecting
PBDEs  in each  sample  and providing  the  first  account  of  NBFR  contamination  in Australian  soils.
©  2016  Elsevier  B.V.  All rights  reserved.
1. Introduction
A range of brominated flame retardants (BFRs) have been incor-
porated into plastics, electronic equipment, foams and textiles. The
most common of these, polybrominated diphenyl ethers (PBDEs),
have come under a great deal of scientific and regulatory scrutiny
due to their long-range atmospheric transport potential [1], per-
sistence in the environment [2,3], and toxicity [4]. Ubiquitous
environmental contamination has been indicated in studies from
around the world, with PBDEs frequently detected in air, soils and
sediments [3]. Toxicological reports have shown a range of adverse
effects in humans and animals from exposure to the substance
at environmentally relevant concentrations [4], such as endocrine
disruption [5] and developmental neurotoxicity [6]. In light of envi-
∗ Corresponding author.
E-mail address: bradley.clarke@rmit.edu.au (B.O. Clarke).
ronmental and human health hazards, specific PBDEs have been
classified as United Nation’s Persistent Organic Pollutants [7], and
subject to legislated bans and voluntary withdrawal by manufac-
turers in North America [8,9], Europe [10,11] and Australia [12].
Restriction and regulation of PBDEs, however, has driven a rise
in production and use of “novel” brominated flame retardants
(NBFRs). As many as 75 NBFRs have been commercially produced
to replace PBDEs [13]. A subset of these have similar chemical prop-
erties to banned PBDEs and have also been shown to be toxic and
capable of environmental mobility, and have been detected in a
range of environmental matrices [14–16]. A number of NBFRs have
been recorded in atmospheric samples from Europe, USA, Asia and
Africa at concentrations similar to and exceeding those of PBDEs
[17–20]. As with PBDEs, evidence suggests that most NBFRs are
undergoing net atmospheric deposition to land [21–23]. Processes
are poorly understood, however, and current global soil contami-
nation levels have rarely been studied.
http://dx.doi.org/10.1016/j.chroma.2016.06.021
0021-9673/© 2016 Elsevier B.V. All rights reserved.
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Gas chromatography coupled to mass spectrometry (GC–MS)
has been the most commonly employed instrumental technique
for quantifying BFRs. While single ion monitoring (SIM) mode using
electron capture negative ionization (ECNI) has provided excellent
sensitivity for BFR analysis, the complex chromatographic elution
profile of combined PBDE and NBFR measurement benefits from
the enhanced selectivity of triple quadrupole mass spectrometry
in electron ionization mode (GC–(EI)–MS/MS) [24,25]. Even with
the selectivity of such detectors, instrumental sensitivity and repro-
ducibility are highly reliant on sample preparation steps and extract
purity [26]. Traditional methods of organohalogen separation from
solid matrices have typically utilized Soxhlet extraction, solid phase
extraction (SPE), ultrasonic assisted extraction or pressurized liq-
uid extraction (PLE) followed by chromatographic cleanup using
a range of adsorbents [14]. These processes have been employed
successfully for the extraction of various combinations of PBDEs
and NBFRs from soil [27–29] but can be slow and inefficient due
to the multiple processes involved. Recently, methods described
as “selective” pressurized liquid extraction (S-PLE) have been
developed for extraction of analytes of interest with minimal co-
extraction of interfering compounds [30,31]. This is achieved by
incorporating appropriate cleanup adsorbents into the PLE cell
below the sample, and refining parameters such as extraction tem-
perature and solvent composition [32]. S-PLE methods also achieve
faster sample preparation with lower risk of operator error or
accidental sample contamination [33]. The commercially available
Accelerated Solvent Extraction (ASE) system (Dionex, Thermo Sci-
entific) is the most common way to perform PLE or S-PLE. While
cell sizes up to 100 mL  are available for all later models of the ASE
system (ASE 150, ASE 300, ASE 350), the popular early version of the
instrument (ASE 200) has a maximum cell capacity of 33 mL.  Unlike
regular gel permeation chromatography, the volume of adsorbent
that can be used for in S-PLE cleanup is limited by the capacity
of the instruments extraction cell. This means selection of solvent
composition, adsorbent mixture and ratio of sample to adsorbent
is critical. Development of an S-PLE method that can be performed
using 33 mL  cells is ideal as it can be applied to all currently avail-
able ASE platforms. Smaller PLE cell sizes also require the use of
less chromatographic material and lower solvent volumes.
S-PLE has been shown to be an appropriate technique for the
extraction of PBDEs and other established flame retardants from a
variety of matrices, including soils [34]. To date, S-PLE has rarely
been used to extract NBFRs and has only been applied for combi-
nations of 2 or 3 of the new compounds [35]. The objective of this
study is to develop a sensitive, rapid and repeatable method for the
simultaneous quantification of PBDEs and NBFRs in environmental
soil samples using one-step S-PLE and GC-(EI)-MS/MS. The S-PLE
method will be limited to an ASE cell capacity of 33 mL  such that it
can be applied to all current ASE systems and reduce solvent and
adsorbent usage. Furthermore, this work aims to validate the opti-
mized method by repeated analysis of spiked soil, and to apply the
process to real environmental samples.
2. Methods and materials
2.1. Reagents and standards
Individual standard solutions were purchased from
AccuStandard Inc. (New Haven, CT, USA):,1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE), decabromodiphenylethane
(DBDPE), bis(2-ethylhexyl) tetrabromophtalate (BEH-TEBP),
2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), 2,3,4,5,6-
pentabromotoluene (PBT), 2,3,4,5,6-pentabromoethylbenzene
(PBEB) and hexabromobenzene (HBB), (each 100 !g/mL
in toluene), 3,4,4′-tribromodiphenyl ether (BDE-37)
and 3,3′,4,4′-tetrabromodiphenyl ether (BDE-77) (each
50 ng/mL in isooctane), and a mixed solution of 2,4,4′-
tribromodiphenyl ether (BDE-28), 2,2′,4,4′-tetrabromodiphenyl
ether (BDE-47), 2,2′,4,4′,5-pentabromodiphenyl ether
(BDE-99), 2,2′,4,4′,6-pentabromodiphenyl ether (BDE-
100), 2,2′,4,4′,5,5′-hexabromodiphenyl ether (BDE-153),
2,2′,4,4′,5,6′-hexabromodiphenyl ether (BDE-154), 2,2′,3,4,4′,5′,6-
heptabromodiphenyl ether (BDE-183) and decabromodiphenyl
ether (BDE-209) (each 20 !g/mL, except BDE-209; 200 !g/mL, in
isooctane:toluene 80:20). Internal surrogate standards comprised
a mixed solution of mass-labeled [13C12] BDEs (13C-BDE-28, 13C
BDE-47, 13C BDE-99, 13C BDE-100, 13C BDE-153, 13C BDE-154,
13C BDE-183) (2 !g/mL in toluene) and a solution of 13C BDE-209
(25 !g/mL in toluene), each from Wellington Labs. (Guelf, ONT,
Canada).
All solvents used in extraction, cleanup and analysis were of
chromatographic analysis grade unless otherwise stated. isooc-
tane, toluene, n-hexane and dichloromethane (DCM) were obtained
from Honeywell Burdick & Jackson (Muskegon, MI,  USA), and ace-
tone (AR grade) from Chem Supply (Gilman, SA, Australia). Sodium
hydroxide (NaOH) and hydrochloric acid (HCl, 32%) were from
Rowe Scientific (Doveton, VIC, Australia) and concentrated sulfu-
ric acid (H2SO4, 98%) from Merck (Kilsyth, VIC, Australia). Florisil
(60–100 mesh MgSiO3), copper powder and anhydrous sodium sul-
fate (Na2SO4) were from Sigma Aldrich (St Louis, MO,  USA), Davisil
silica (200–425 mesh amorphous SiO2) from Grace Davison Discov-
ery Science (Rowville, VIC, Australia), Hydromatrix diatomaceous
earth from Varian Inc. (Santa Clara, CAL, USA).
2.2. Adsorbent preparation
In order to test different chromatographic clean-up procedures,
adsorbent media were prepared to a range of specifications. Florisil,
silica and sodium sulfate were each activated by heating to 130 ◦C
for 16 h in a conventional fan-forced oven. Deactivated Florisil (5%
w/w) was  prepared by gravimetric addition of Milli-Q water to
freshly activated Florisil powder, followed by vigorous mixing in
a closed container on a rotary shaker at 320 rpm for 4 h. Acid sil-
ica (5 and 10% w/w) and a basic silica (20% w/w) were produced
according to USEPA Method 1614 [36] by addition of concentrated
H2SO4 or 1 M NaOH to freshly activated silica. Thorough homog-
enization was achieved via the same process as used for mixing
deactivated Florisil.
Copper powder was activated immediately prior to use by son-
ication in concentrated HCl for 20 min. In an Erlenmeyer flask, acid
was rinsed from the copper thoroughly using Milli-Q water, which
was in-turn rinsed with acetone. A final rinse of n-hexane was used
to remove residual acetone and provide a protective barrier against
oxidation.
All glassware used for storing or transferring solvents, adsor-
bents and samples was heated to 500 ◦C in a muffle-furnace for
12 h to eliminate trace contamination before use.
2.3. Sample preparation
Five soil samples were taken from the Greater Melbourne
region; four samples from industrial areas and a single sample from
a university campus. Samples were taken to a depth of 0–100 mm
using a stainless steel hand trowel pre-cleaned with a 1:1 mix-
ture of hexane/acetone. Samples were stored in amber glass jars
with PTFE lined lids at below 4 ◦C until analysis. Prior in-house
screening studies determined ubiquitous PBDE contamination in
soil samples (n = 30), which poses a challenge for sourcing a nat-
ural blank soil for spiking and recovery experiments. However,
a soil sample from a large parkland region approximately 20 km
northeast of Melbourne’s center was  selected for use in preliminary
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method development and method validation studies. No known
direct sources of flame-retardants exist at this location, which is
bordered by farmland and more than 1 km from low-density hous-
ing and sealed roadways. Soil samples were air dried and sieved to
a <1 mm fraction and thoroughly ground using a mortar and pestle
until homogenous. Total organic carbon (TOC) content was mea-
sured by first drying 5 g aliquots of soil (n = 5) in an oven at 90 ◦C
overnight. The samples were then cooled in a desiccator, weighed
and placed in a furnace at 500 ◦C for 4 h. Samples were then cooled
again in a desiccator and re-weighed. TOC in the method develop-
ment and validation soil was calculated to be 19.6 ± 0.2% w/w.
2.4. Accelerated solvent extraction
Sample extraction was performed using an ASE 200 system. A
small number of publications have described comprehensive opti-
mization of S-PLE methods for PBDE extraction from soils [26,34].
Given the general physicochemical similarities between NBFRs and
PBDEs, ASE instrumental parameters and many aspects of the cell
packing protocol from previous studies were used as a foundation
for the current method development. Activated copper powder was
used in cells to retain elemental sulfur, Na2SO4 to remove resid-
ual moisture and Hydromatrix as a dispersing agent. Samples were
heated for 5 min  followed by a static time of 5 min, flush volume of
60% and purge time of 120 s. The oven temperature was 100 ◦C and
cell pressure 1500 psi (∼10.34 MPa), with a total of 3 cycles per-
formed on each sample. A rinse cycle was conducted before each
extraction. Stainless steel extraction cells were fully disassembled
and all components sonicated in acetone for 20 min  prior to use.
Cells with a capacity of 33 mL  were used for all soil extractions
while 22 mL  capacity cells were used for lab control samples (LCS)
and blanks (detailed in Section 2.7). Under optimal conditions, the
S-PLE cell method contained, from bottom to top, a single cellulose
filter, 3 g activated Florisil, 6 g acid silica (10% w/w),  3 g Na2SO4,
another cellulose filter, 2 g activated copper powder and 3 g soil
sample dispersed in 2 g Na2SO4 and 1 g of Hydromatrix (thoroughly
ground and homogenized) (Fig. 1). Each cell was topped with a
small amount of Hydromatrix to fill any remaining void (<1 cm).
Extracts were evaporated under a gentle nitrogen stream
(∼3 psi) at room temperature using a Biotage TurboVap LV
Concentration Workstation and reconstituted in 100 !L of isooc-
tane/toluene (80:20 v/v) in 250 !L glass inserts.
2.5. Quantitation and analysis
All quantitative analyses were performed using an Agilent
7000C gas chromotograph–triple quadrupole mass spectrometer
(GC–MS/MS) operated in electron ionization (EI) mode. Injections
of 2 !L were executed in pulsed splitless mode with an Agilent
200 !L dimpled, single taper liner and analyte separation carried
out using a DB-5MS column (15 m × 180 !m internal diameter,
0.18 !m film thickness). The initial inlet temperature was 100 ◦C
for 0.2 min  before ramping at 900 ◦C/min to 285 ◦C. The oven tem-
perature was 80 ◦C for 1 min, then ramped at a rate of 37 ◦C/min to
230 ◦C and then 30 ◦C/min to 325 ◦C. The temperature of the transfer
line was 325 ◦C, the ion source 280 ◦C, and each quadrupole 150 ◦C.
Helium was used as the carrier gas at a flow rate of 1.8 mL/min for
8.25 min  before increasing at 100 mL/min to 4 mL/min. The total
run time was 13.5 min.
Target analytes were determined by retention time and two ion
transitions using Agilent MassHunter quantitative analysis soft-
ware (v. B.06.00). For each compound, one transition was used for
quantitation and a second transition used for qualitative confirma-
tion. Positive identification of analytes in samples was dependent
on three criteria; 1) the signal to noise (S/N) ratio must exceed 3:1,
2) the retention time must be within ±5% of those determined from
analytical standards and 3) the abundance ratio between quanti-
tative and qualitative ion transitions must be within ±20% of the
ratios measured in standards. GC and MS/MS  acquisition parame-
ters are shown in Table 1.
Mass-labeled PBDE standards (13C-BDEs −28, −47, −99, −100,
−153, −154, −183, −209) were used as surrogates for internal
standard quantitation. Native PBDE congeners were quantified
using their corresponding isotopes while NBFRs were assigned the
labeled PBDE congener with the closest GC retention time, as shown
in Table 2. 5 ng of each surrogate internal standard (100 ng of 13C
BDE-209) was  spiked into each soil sample, blank and lab con-
trol sample (LCS) prior to extraction. Final extracts were spiked
with 5 ng of BDE-37 and BDE-77 immediately prior to GC–MS/MS
analysis as recovery internal standards to assess surrogate stan-
dard recoveries according to procedures described USEPA method
1614 [36]. Five-point calibration curves containing all of the target
analytes and each internal standard at its corresponding sample
spike concentration were prepared in isooctane/toluene (80:20 v/v)
and used for quantitation. Linear regression lines fit the calibra-
tion standards with R2 > 0.99 in the range of 1–500 ng/mL for BDEs
(−28, −47, −99, −100, −153, −154, −183), PBT, PBEB and HBB,
2–1000 ng/mL for EH-TBB and BTBPE, 50–2500 ng/mL for BEH-
TEBP and 500–10,000 ng/mL for BDE-209 (Table 2). An acceptable
calibration curve was  not achieved for DBDPE due to insufficient
instrumental sensitivity. A 10,000 ng/mL single point calibration
curve incorporating the origin was  established in order to assess
DBDPE recovery in S-PLE method development experiments on
a relative basis. Although quantitation cannot be performed reli-
ably in this manner for calculation of absolute recovery, RSD values
have been reported to indicate the repeatability of DBDPE measure-
ments.
2.6. Statistical analysis
Statistical analyses were carried out using Minitab 17.
Fig. 1. Cell packing arrangement for optimized S-PLE of PBDEs and NBFRs from soil.
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Table  1
GC-(EI)-MS/MS acquisition parameters.
Quantitation Transition Confirmation Transition
Compound RT (min) T1 (m/z) Dwell (ms) CE(eV) T2 (m/z) Dwell(ms) CE (eV)
BDE-28 5.74 405.8 → 246.0 10 20 408.0 → 248.1 10 5
13C-BDE-28 (SS) 5.74 417.8 → 258.0 10 40 419.8 → 260.1 10 60
BDE-37 (RS) 5.88 405.8 → 246.0 10 20 408.0 → 248.1 10 5
PBT  5.76 485.5 → 247.0 10 20 485.5 → 326.0 10 20
PBEB  5.88 499.7 → 484.6 10 20 499.7 → 420.5 10 20
HBB  6.27 549.5 → 389.7 10 25 552.0 → 391.8 15 25
BDE-47 6.39 486.0 → 326.0 10 45 326.0 → 138.0 10 20
BDE-77 (RS) 6.61 486.0 → 326.0 10 45 326.0 → 138.0 10 20
13C-BDE-47 (SS) 6.39 497.7 → 338.0 12 25 495.7 → 336.1 12 45
BDE-100 6.88 563.6 → 403.7 10 35 565.6 → 405.6 16 35
13C-BDE-100 (SS) 6.88 577.7 → 417.8 10 35 417.3 → 309.0 10 55
EH-TBB 7.03 420.5 → 233.0 10 30 420.5 → 311.5 10 30
BDE-99 7.03 563.6 → 403.7 10 20 565.6 → 405.6 10 20
13C-BDE-99 (SS) 7.03 577.7 → 417.8 10 40 417.3 → 309.0 13 55
BDE-154 7.41 643.6 → 483.8 10 25 483.7 → 374.9 14 25
13C-BDE-154 (SS) 7.41 655.6 → 495.8 10 40 495.7 → 386.9 10 45
BDE-153 7.62 643.6 → 483.8 14 40 483.7 → 374.9 10 40
13C-BDE-153 (SS) 7.62 655.6 → 495.8 10 25 495.7 → 386.9 10 25
BDE-183 8.18 561.7 → 454.9 21 20 721.6 → 561.8 10 25
13C-BDE-183 (SS) 8.18 733.4 → 573.8 10 25 733.4 → 575.6 10 40
BTBPE 8.34 356.5 → 118.0 16 40 356.5 → 90.0 16 60
BEH-TEBP 8.52 464.5 → 220.7 10 30 464.5 → 380.9 10 55
BDE-209 11.55 799.4 → 639.5 67 55 797.7 → 637.7 52 55
13C-BDE-209 (SS) 11.55 811.8 → 651.4 61 55 809.7 → 649.5 57 55
DBDPE 12.95 484.5 → 324.5 113 25 484.5 → 403.5 136 55
SS = internal surrogate standards, RS = internal recovery standard, CE = confirmation energy. Dwell time is listed in milliseconds (ms) and CE listed in electron volts (eV).
Table  2
Summary of analytical performance.
Compound Surrogate IS Linearity (R2) IDL (ng/mL) IQL (ng/mL) MDL  (ng/g dw) MQL  (ng/g dw)
BDE-28 13C-BDE-28 0.9999 0.04 0.13 0.01 0.03
BDE-47 13C-BDE-47 0.9999 0.04 0.14 0.01 0.04
BDE-99 13C-BDE-99 0.9999 0.1 0.32 0.01 0.04
BDE-100 13C-BDE-100 0.9999 0.07 0.22 0.02 0.06
BDE-153 13C-BDE-153 0.9998 0.19 0.62 0.01 0.03
BDE-154 13C-BDE-154 0.9999 0.05 0.17 0.01 0.03
BDE-183 13C-BDE-183 0.9999 0.2 0.67 0.01 0.05
BDE-209 13C-BDE-209 0.9980 140 480 4.8 16
PBT 13C-BDE-28 0.9998 0.07 0.25 0.01 0.03
PBEB 13C-BDE-28 0.9999 0.05 0.24 0.01 0.03
HBB 13C-BDE-47 0.9976 0.05 0.17 0.01 0.03
EH-TBB 13C-BDE-99 0.9934 0.35 1.2 0.55 1.82
BTBPE 13C-BDE-183 0.9959 0.2 0.74 0.15 0.49
BEH-TEBP 13C-BDE-183 0.9908 3.21 11 N/A N/A
DBDPE 13C-BDE-209 N/A 590 2700 N/A N/A
IS = internal standard, IDL = instrument detection limit, IQL = instrument quantitation limit, MDL  = method detection limit, MQL  = method quantitation limit, N/A = data not
available.
2.7. Method optimization, method validation and QA/QC
Recovery and repeatability of the optimized method were
assessed by repeated analysis of 3 g of soil spiked with target ana-
lytes at three concentration levels. Spikes were delivered directly
to the soil sample and allowed to equilibrate for a minimum of 4 h
before extraction. The low (n = 3), medium (n = 5) and high (n = 3)
spiking levels were:
• 0.5, 5 and 20 ng for PBT, PBEB, HBB and BDEs (−28, −47, −99,
−100, −153, −154, −183),
• 1, 10 and 40 ng for EH-TBB and BTBPE,
• 2.5, 25 and 100 ng for BEH-TEBP and
• 5, 50 and 200 ng, for BDE-209 and DBDPE.
The soil used in recovery experiments was analysed in triplicate
to assess pre-existing contamination. Trace levels of BDEs (−28,
47, −99, −100, −183, −209), HBB and BTBPE were determined in
all 3 replicates with RSD values less than 20% (except for BDE-28,
RSD = 32%). As such, method validation recoveries were calculated
as follows;
%Recovery = SSpk − S
Cexp
× 100
where SSpk is the concentration of analyte measured in spiked soil,
S is the mean concentration measured in un-spiked soil (n = 3), and
Cexp is the expected spike concentration. Repeatability is expressed
as the %RSD of calculated recoveries at each spiking level.
Instrumental detection limits (IDLs) were determined by inject-
ing sequentially decreasing concentrations and calculating the
minimum concentration of analyte required to produce an S/N ratio
of 3 from the quantitative mass transition response. The instrumen-
tal quantitation limits (IQLs) were derived likewise, but required
S/N ratios of 10 and 3 in the response of quantitation and confirma-
tion transitions, respectively. Method detection and quantitation
limits (MDLs/MQLs) were estimated according to the same criteria,
using the S/N ratios observed in low soil spikes for BDEs (−28, −47,
−99, −100, −153, −154, −183), PBT, PBEB and HBB, and medium
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spikes for EH-TBB, BTBPE and BDE-209. Chromatograms used in
MDL/MQL determination are provided in Fig. S1. Potential contam-
ination within the method was evaluated by analysis of replicate
method blanks (n = 3). Method blanks were performed to the exact
specifications of the optimized S-PLE method with the exclusion of
3 g soil sample. LCS trials contained the same cell packing arrange-
ment as blanks.
3. Results and discussion
3.1. Analytical sensitivity
Detection and quantitation limits are presented in Table 2. In
general, instrumental sensitivity decreased with increasing degree
of bromination (and GC elution time) for PBDEs. This was  also
mostly the case for NBFRs. MDLs were largely dependent on instru-
mental sensitivity, indicating that extracts contained minimal
interferences. EH-TBB MDLs were, however, somewhat effected
by chromatographic noise. Markedly higher IDLs and MDLs were
determined for BDE-209 and DBDPE. Many of the issues that com-
plicate BDE-209 determination by GC–MS/MS are accentuated for
DBDPE analysis. DBDPE is less soluble in organic solvents [37]
and also has a higher boiling point than BDE-209, resulting in
longer contact time with GC columns [38]. As both compounds
are susceptible to thermal degradation [39,40] analytical sensitiv-
ity is often greatly diminished in comparison to less brominated
PBDEs and other BFRs. In the current method, the response sen-
sitivity of DBDPE was insufficient to quantitate all but the 5000
and 10,000 ng/mL calibration standards. Interestingly, DBDPE mea-
surements were able to meet the IQL criteria in many of the
spiking experiments at concentrations of 1000 and 2000 ng/mL
(assuming no losses during extraction). While the exact cause
of this phenomenon is unclear, it may  be due to enhancement
of DBDPE solubility or protective qualities of the extract matrix
[41]. Greater instrumental sensitivity might be realized with the
use of a shorter GC column [14] or SIM MS  detector modes [24].
These techniques were not considered in the present study because
either would require that DBDPE be analysed separately, as chro-
matographic separation of earlier eluting compounds would be
negatively impacted by a shorter column. MDLs reported by New-
ton, et al. [18] using Soxhlet extraction and GC-(ECNI)-MS were of a
similar order for PBT, HBB, BTBPE and BDEs −100, −154, −183 and
−209 in soil, but approximately two orders lower for EH-TBB and
one order higher for BDEs −47, −99 and −153. Matrix-solid-phase-
dispersion (MSPD) extraction methods employed by Iparraguirre,
et al. [42] for PBDE determination in soil also achieved MDLs of
the same order, although the use of GC-ENCI-MS delivered greater
sensitivity for BDE-209.
3.1.1. Selection of ASE in-cell cleanup adsorbents
Several adsorbents mixtures were evaluated for in-cell cleanup.
In these tests, all S-PLE cell constituents were loaded as described in
Section 2.4 (Fig. 1) and only the lower-most 9 g cleanup adsorbent
portion of the cell altered. All cells were extracted with a 1:1 mix-
ture of n-hexane and DCM. The following 2:1 (w/w) combinations,
listed as top and then bottom adsorbent, were trialed; acid silica
(10% w/w) and activated Florisil, acid silica (10% w/w)  and deacti-
vated Florisil (5% w/w), acid silica (5% w/w) and activated Florisil,
and basic silica (20% w/w) and activated Florisil. Single component
trials of each activated Florisil and deactivated Florisil (5% w/w)
were also tested.
All tests involving deactivated Florisil resulted in carry-over of
water into extracts, preventing efficient evaporation and reconsti-
tution. Extracts became cloudy when evaporated to volumes below
∼5 mL  and considerable lipid co-extraction was evident at dry-
ness. Similar artifacts resulted from basic silica preparations. LCS
tests confirmed that these adsorbents themselves were, indeed, the
source of the issues. Placement of a 4 g Na2SO4 layer at the bottom
of the cell failed to adequately retain moisture or improve extract
clarity, so these adsorbents were abandoned. Deactivation of adsor-
bents by addition of water is sometimes performed to enhance the
elution of some analytes but may  result in reduced lipid-retaining
capabilities [43–45]. Villaverde-de-Sáa, et al. [44] observed poor
recovery of BEH-TEBP (<20%) from gravity fed activated Florisil
columns but improvements to ∼60 and ∼70% recovery when the
adsorbent was deactivated by 5 and 10% w/w  Milli-Q water. To the
authors’ knowledge, deactivated Florisil has not been used for S-
PLE and it is likely that the final pressurized nitrogen cell purge is
responsible for extracting water from deactivated adsorbents.
Single component activated Florisil cleanup resulted in consid-
erable visible co-extraction of lipids and disclouration in extracts
and was, hence, also dismissed. Florisil had been considered as an
alternative to destructive adsorbents for the analysis of acid sensi-
tive NBFRs, but typically, volumes of Florisil required for sufficient
cleanup exceed the restrictions of 33 mL  cells [34].
The cleanup capability of the acid silica (5% w/w)  with activated
Florisil proved to be little better than that of pure Florisil, suggesting
that the 5% w/w acid concentration was not sufficiently destruc-
tive to retain lipids and other organic interferences. The 10% w/w
acid silica/activated Florisil combination, however, produced clear
extracts with no discolouration. Collection vials were clean after
evaporation to dryness to indicate minimal co-extraction of lipids.
Specific analytical challenges are presented by the susceptibility of
some NBFRs to degradation in concentrated acid silica, which often
forms the basis of S-PLE cleanup protocols due to its superior reten-
tion of organic interferences [30,33]. Investigations with acid silica
(44% w/w) cleanup have determined partial hydrolysis of BTBPE
[38] and complete instability of BEH-TEBP [46]. Villaverde-de-Sáa,
et al. [44] tested the stability of a range of NBFRs in acid silica con-
centrations of 10, 20 and 40% w/w.  Recoveries of EH-TBB, BTBPE and
BEH-TEBP were all significantly reduced in the 40% w/w acid silica
but good recoveries of each were observed in the 10% w/w prepa-
ration. The destructive acid silica phase is often combined with the
adsorbent Florisil to retain non-polar lipids, with an optimal ratio
of 2:1 acid silica: Florisil generally reported [31,34].
As the 10% acid silica/activated Florisil mixture was the only
cell adsorbent arrangement capable of producing adequately clean
extracts, this was  chosen for ongoing optimization (see Figs. S2, S3).
3.1.2. Extraction solvent
The use of acid treated adsorbents restricts the range of solvents
that can be used for extraction due to reactivity between the sta-
tionary and mobile phases. Solvents such as acetone, ethyl acetate
and acetonitrile are sometimes used for extraction of PBDE and
NBFR [24,38,47]. In-house tests confirmed that acetone produces
dark yellow extracts even in the absence of soil sample, while the
combination of ethyl acetate or acetonitrile with acid silica (10%
w/w) in a beaker resulted in gas-forming reactions at room temper-
ature. Consequently, combinations of hexane and DCM (expressed
as % DCM in hexane) were tested on the optimized S-PLE cell pack-
ing arrangement. Solvent tests were performed using separate LCS
(n = 2) and soil (n = 1) extractions so that analyte recovery could be
assessed independently of whether the cleanup protocol produced
soil extracts suitable for GC–MS analysis. Fig. 2 shows the solvent
trial recoveries of selected compounds from LCS experiments using
40, 50, 60, 80, 90 and 100% DCM. LCSs were each spiked with 10 ng
of BDEs (−28, −47, −99, −100, −153, −154, −183), PBT, PBEB and
HBB, 20 ng of EH-TBB and BTBPE, 50 ng of BEH-TEBP and 100 ng
of BDE-209. ANOVA data revealed that there were no statistical
differences (p > 0.05) between recoveries using different solvent
compositions for PBDEs, PBT, PBEB, HBB, BTBPE or DBDPE. Mean
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Fig. 2. Analyte recovery from S-PLE using a range of hexane: DCM solvent combinations. Recovery is the mean value of duplicate extractions (n = 2). Error bars represent
a  95% confidence interval calculated from compound specific pooled standard deviations. Recovery calculated from LCSs spiked with 10 ng of BDE-47 and PBEB, 20 ng of
EH-TBB  and BTBPE and 50 ng of BEH-TEBP.
recovery of PBDEs, PBT and PBEB in all solvent trials was  between
90 and 110% with RSDs below 7% in all cases. Mean HBB recoveries
ranged 117–122% with RSDs less than 5%, while BTBPE recoveries
averaged 108–142% with RSDs up to 23%. Recovery of EH-TBB and
BEH-TEBP were highly influenced by solvent composition. Only 52%
of EH-TBB was recovered from spiked cells using 40% DCM while
111% recovery was obtained using 50% DCM. No BEH-TEBP was
eluted using 40, 50 or 60% DCM, however, recovery increased in
a step-wise manner from 44% using 80% DCM, to 56% at 90% DCM
and 77% using pure DCM. DBDPE was determined in all solvent trials
according to identification and IQL criteria, with RSDs less than 16%.
Although the lack of a suitable calibration curve prevented quanti-
tation, substantial recovery of DBDPE is expected to have occurred
to meet the IQL, given a spiking concentration of 1000 ng/mL in
these trials.
Extraction of lipids also increased sequentially with increasing
percentage of DCM when the same solvent trials were performed
on soil samples. The three highest DCM concentrations, 80, 90 and
100%, produced extracts that contained more lipids than could be
dissolved in solvent volumes less than 2 mL.  The 60% DCM extracts
were very cloudy upon reconstitution while the 50 and 40% treat-
ments generated clear extracts with no visible interferences at
100 !L. 50% DCM (a 1:1 mixture of hexane/DCM) was  selected
for use in the method as EH-TBB was significantly improved com-
pared to the 60% DCM trials. Chromatogram peaks were also well
defined with minimal observable interferences using the 1:1 hex-
ane DCM mixture (Fig. S1). Equal parts hexane and DCM are often
used for extraction and cleanup of BFRs from environmental sam-
ples [26,35,48]. As there was no solvent combination that provided
both satisfactory matrix cleanup and good recovery of BEH-TEBP
from the single-step extraction, this compound was excluded from
the final method to avoid adding post-S-PLE cleanup processes. It is
important to note that since DCM adequately recovered BEH-TEBP
without affecting the performance of other analytes, this solvent
may  be applicable for extraction of BFRs from low interference
matrices, such as house-dust.
Table 3
Percentage recovery and percentage relative standard deviation (%RSD) of analytes
from optimized S-PLE method validation spikes.
Low Spike (n = 3) Medium Spike (n = 5) High Spike (n = 3)
Compound Recovery RSD Recovery RSD Recovery RSD
BDE-28 96 2 98 2 98 2
BDE-47 98 4 98 2 99 3
BDE-99 95 11 100 5 101 <1
BDE-100 99 3 97 1 100 1
BDE-153 98 <1 98 1 96 7
BDE-154 116 5 93 2 92 2
BDE-183 53 11 68 3 104 47
BDE-209 N/A N/A 101 19 91 1
PBT  106 9 93 2 86 2
PBEB 116 11 92 2 88 2
HBB  66 47 95 5 106 3
EH-TBB N/A N/A 88 7 91 16
BTBPE N/A N/A 110 9 108 2
DBDPE N/A N/A N/A N/A N/A 7
N/A = data not available.
3.2. Analytical performance; method validation
The optimized method was  evaluated by repeated extraction
and analysis of all analytes from 3 g of soil at three spike con-
centrations (Table 3, Fig. S1). Good mean recoveries of BDEs (−28,
−47, −99, −100, −153 and −154), PBT and PBEB ranging from 95
to 116% were achieved in the lowest spike level. RSD values for
these compounds were each less than 12%, indicating good repeata-
bility. Mean recoveries of BDE-183 and HBB low spikes were less
than those of the other analytes at 53 and 66%, respectively. While
BDE-83 had an RSD of 11%, repeatability of HBB was poor for low-
level spikes at 47%. EH-TBB, BTBPE, BDE-209 and DBDPE were not
recovered at the lowest spike level.
In general, excellent recovery was observed at the medium
spiking level with mean recovery ranging from 88 to 110% for all
analytes except for BDE-183, which had an average recovery of 68%.
RSD values for medium level spikes were below 10% for all com-
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Table 4
PBDE and NBFR concentrations in soil samples (ng/g dw).
Compound S1 S2 S3 S4 S5
BDE-28 <MDL 0.05 0.08 <MDL 0.04
BDE-47 0.27 1.5 5.0 0.16 0.45
BDE-99 0.27 2.1 11 0.21 0.66
BDE-100 <MDL 0.48 2.8 0.07 0.18
BDE-153 <MDL 0.41 1.8 0.08 <MDL
BDE-154 0.05 0.26 1.3 0.06 0.34
BDE-183 <MDL 0.59 1.9 0.14 3.9
BDE-209 89 110 190 99 >330
PBT  0.04 <MDL <MDL <MDL 0.04
PBEB <MDL <MDL <MDL <MDL 0.06
HBB <MDL 0.89 0.09 <MDL 0.08
EH-TBB <MDL <MDL <MDL <MDL <MDL
BTBPE <MDL <MDL 1.2 0.66 1.5
DBDPE N/A DET N/A N/A <MDL
BDE-209 measurement in S5 (shown in italics) exceeded calibration range. S1 is from
a  suburban non-source area and S2-S5 are each from industrial locations. N/A = data
not available.
DET = DBDPE detected according to identification and IQL criteria.
pounds except for BDE-209 (19%). The quantitative ion transition
for DBDPE was present at S/N ratios greater than 10 in all medium
spikes with a RSD of 9%, although confirmation transitions were not
detected.
Method performance from high level spikes were similar to
medium spikes, with mean recoveries ranging 86–108% and RSD
values below 7% for all compounds except BDE-183 (RSD = 47%)
and EH-TBB (RSD = 16%). DBDPE was positively identified in all high
spike tests with a RSD of 7%. The accuracy and precision demon-
strated by the method validation results are comparable to those
reported in previous BFR soil extraction studies [26,38,42].
Low-level contamination was observed in method blanks for
some analytes. BDE-28 was the only compound detected in all 3
method blank replicates at levels <15% of the corresponding low-
est calibration point. BDE-47 was detected in 1 blank at 31%, BDE-99
in 2 blanks at 15 and 12%, and BDE-154, PBEB and BTBPE each
detected in single blanks at levels <3% of the corresponding lowest
calibration points for each compound. The pervasive nature of BFRs
in-door dust renders low-level method contamination a common
occurrence [36,49,50]. Acceptable recovery of internal surrogate
standards was observed in all soil and QAQC samples according to
criteria detailed by USEPA method 1614 [36] (Table S1).
3.3. Application to real environmental samples
The optimized method was applied to five environmental soil
samples (Table 4, Fig. S1). PBDEs were detected in all soil sam-
ples with BDE-209 measured at the highest concentration, ranging
from 89 to 190 ng/g dw in samples 1–4 and exceeding the upper
calibration range of 330 ng/g dw in sample 5. Quantitation by
extrapolating beyond the 5 point linear calibration predicted a
concentration well in excess of 1000 ng/g dw in sample 5. BDEs
−99, −47 and −183 were detected at the next highest concentra-
tions with ranges of 0.27–11.47, 0.27–5.0 and 0.14–3.9 ng/g dw,
respectively. A wide range of PBDE concentrations in soils have
been reported globally, although very little data is available for
the Australian environment. Hearn, et al. [51] found similar !PBDE
(including BDE-209) concentrations ranging from 0.2 to 1.6 ng/g
dw in residential soils (n = 3) and 28.5–726 ng/g dw in industrial
soils (n = 3) from the city of Brisbane, Queensland. On the other
hand, Abdallah, et al. [34] reported !PBDE levels (again, includ-
ing BDE-209) ranging just 0.0571–1.17 ng/g dw in urban/industrial
soils (n = 5) from the state of New South Wales. Significantly, in both
previous Australian studies, as in the current work, BDE-209 con-
centrations have generally been one to two orders of magnitude
higher than those of lower congeners in individual samples.
Each of the NBFRs was  detected at low levels in at least one of the
soil samples, except for EH-TBB. HBB and BTBPE were the most fre-
quently detected of the NBFRs, each having been identified in three
samples at ranges of 0.08–0.89 and 0.66–1.5 ng/g dw, respectively.
NBFRs have rarely been measured in soils globally. BTBPE has been
reported in Indonesian and Chinese soils ranging from ND to 1.7
and <MDL to 0.0336 ng/g dw,  respectively [27,52]. PBT, PBEB and
HBB measured in this study were of similar concentration to those
reported in soils from Sweden and China [18,28,52].
4. Conclusion
A sensitive and reliable method for the simultaneous analy-
sis of eight PBDEs (−28, −47, −99, −100, −153, −154, −183 and
−209) and five NBFRs (PBT, PBEB, HBB, EH-TBB and BTBPE) in
soils has been developed and validated. Comprehensive extraction
of analytes from soil using S-PLE was  demonstrated by excellent
recoveries in spiking experiments while low RSD values indicated
the procedure was  highly repeatable down to trace concentra-
tions. Although the specific challenges of BEH-TEBP and DBDPE
analysis by S-PLE and GC-(EI)-MS/MS meant that they were not
included in the final method, the behavior of these compounds in
S-PLE systems was  further elucidated. The method was  success-
fully applied to environmental soil samples and provides the first
account of NBFR contamination in Australian soils, to date. The
detection of PBDEs and NBFRs in Australian soils warrants a broader
land-contamination survey in the near future.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chroma.2016.06.
021.
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Figure S1. MRM chromatograms showing A) high spike, B) medium spike, C) low spike and D) soil sample 3 (S3). Vertical 
grey lines represent GC-MS/MS acquisition time windows. Chromatograms show the response of quantitation transitions 
(see Table 1) for native and internal recovery standard compounds only (ie. 13C-surrogate standards not shown). BDE-37 
(an internal standard) extends beyond the range of chromatogram C so that native compounds can be presented more 
clearly.  
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Figure S2. Top and bottom images show extracts from the 3 g of test soil before and during evaporation, 
respectively. Vials 1, 2 and 3 were extracted from PLE cells containing 3:1 w/w acid silica (10% w/w) and activated 
Florisil using 1:1 acetone:hexane, pure DCM and 1:1 DCM:hexane, respectively. Vials 4, 5 and 6 were extracted 
from PLE cells containing 3:1 w/w basic silica (20% w/w) and activated Florisil using 1:1 acetone:hexane, pure 
DCM and 1:1 DCM:hexane, respectively. Note that solid lipids have formed on the sides of vial 2 during 
evaporation. 
 
 
    
Figure S3. Vial 1 and 2 show extract from 3 g of test soil pre and post evaporation from PLE cells containing no 
adsorbents. Vials 3 and 4 show an extract from 3 g of test soil pre and post evaporation from PLE cells using the 
optimized S-PLE method. 
1             2        3                4    5   6 
1 2 3 4 
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Table S1. Recovery (%) of internal surrogate standards. 
Sample 13C-BDE28 13C-BDE47 13C-BDE99 13C-BDE100 13C-BDE153 13C-BDE154 13C-BDE183 13C-BDE209 
LS1 79 104 48 64 50 40 101 NA 
LS2 86 100 42 67 32 34 35 NA 
LS3 82 106 48 66 51 40 101 NA 
MS1 82 103 49 67 52 41 100 75 
MS2 82 105 50 68 53 42 103 87 
MS3 81 104 51 68 53 42 103 104 
MS4 83 102 54 70 55 44 108 125 
MS5 85 105 54 71 48 41 72 91 
HS1 90 107 58 72 52 43 82 118 
HS2 92 107 58 69 54 45 87 115 
HS3 93 110 58 70 55 45 87 109 
MB1 93 110 91 88 63 60 78 95 
MB2 93 112 93 92 64 62 77 82 
MB3 97 112 95 94 66 63 80 86 
S1 94 113 91 92 66 62 78 96 
S2 94 106 86 89 62 59 78 110 
S3 97 110 88 90 63 60 79 115 
S4 95 111 92 90 64 63 82 100 
S5 96 108 73 80 59 52 82 152 
LCS40-A 93 116 95 91 64 63 81 95 
LCS40-B 89 110 94 91 64 61 80 100 
LCS50-A 89 107 90 86 63 61 75 100 
LCS50-B 91 113 93 92 65 63 83 114 
LCS60-A 93 110 94 93 66 62 80 103 
LCS60-B 91 113 91 88 64 61 80 108 
LCS80-A 93 115 96 95 67 64 85 117 
LCS80-B 91 113 94 92 67 63 81 113 
LCS90-A 87 109 94 91 67 64 85 110 
LCS90-B 90 112 98 94 67 63 82 110 
LCS100-A 89 120 94 91 66 63 82 109 
LCS100-B 87 115 95 93 66 64 82 108 
Mean  90 109 78 83 60 55 83 105 
RSD 6 4 26 14 13 19 16 14 
 
LS= low soil spike, MS= medium soil spike, HS= high soil spike, S= soil sample, MB= method blank. LCS(x)= lab control sample from 
solvent trial using x % DCM in hexane (A and B denote duplicate extractions).   
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Preface 
In 2013, Australia’s National Environment Protection Measure (NEPM) of 1999 was amended to 
include a Health Investigation Level (HIL) for all PBDE congeners containing 1-9 bromines in soil 
(NEPC, 2013). At this time, very little was known of the PBDE land contamination status in Australian 
and no studies had reported on PBDEs in the soil from state of Victoria. The research presented in 
this chapter resulted from a partnership between the Australian Contaminated Land Consultants 
Association (ACLCA) of Victoria and RMIT University.  
The objective of this Chapter was to determine the current levels of PBDEs in the soils of 
Melbourne, while also investigating which industries may be responsible for emissions to land. The 
sampling strategy for this study was developed in accordance with the findings of the Chapter 2 
literature review and focusses on the most probable PBDE emission sources. 
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h i g h l i g h t s
! Polybrominated diphenyl ethers (PBDEs) were measured in a total of 30 soil samples from across the city of Melbourne, Australia.
! PBDEs were detected in 29 of the 30 soil samples analysed.
! BDE-209 was the most abundant PBDE congener detected in soils.
! Electronic waste recycling was found to be a signiﬁcant potential source of PBDEs to soils.
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a b s t r a c t
Polybrominated diphenyl ethers (PBDEs) have been used as ﬂame retardants in a variety of materials and
products. PBDEs have been shown to accumulate in the environment and human populations while
exhibiting a range of toxic effects. In this study, surface soil samples from 30 sites in the city of Mel-
bourne, Australia, were analysed for PBDEs. Eight congeners of environmental concern (BDE-28, -47, -99,
-100, -153, -154 -183 and -209) were assessed using selective pressurized liquid extraction (S-PLE) and
gas chromatography coupled to triple quadrupole mass spectrometry (GC-MS/MS). PBDEs were detected
in 29/30 samples with S8PBDE soil concentrations ranging nd-13,200 ng/g dw and S7PBDEs (excluding
BDE-209) levels of nd-70.5 ng/g dw. Soils fromwaste disposal sites (n ¼ 6) contained the highest median
S7PBDE and S8PBDE concentrations, followed by manufacturing sites (n ¼ 18) and then non-source sites
(n ¼ 6). Electronics recycling facilities contained the greatest levels of S8PBDEs by a signiﬁcant margin
(p < 0.05) to indicate that these industries are a potential source of contamination. BDE-209 was the
dominant congener, contributing an average of 75.5% to S8PBDEs soil concentrations, followed by BDE-
47, BDE-99 and BDE-183 at 7.90, 5.64 and 4.31%, respectively. Congener proﬁles reﬂected global estimates
of Deca-BDE, Octa-BDE and Penta- BDE commercial production, with the most signiﬁcant congener
correlation existing between BDE-47 and BDE-99 (p < 0.001, r ¼ 0.943). This ﬁrst assessment of PBDEs in
Melbourne soils indicates widespread contamination of the urban environment, including locations
where direct sources to soil are not clear.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of ﬂame
retardant that have been incorporated into plastics, electronic
equipment, various foams and a range of other textiles (NICNAS,
2007; Ballesteros-G!omez et al., 2014; Stapleton et al., 2012).
PBDEs have attracted extensive scientiﬁc and regulatory attention
due to their persistence in the environment, bioaccumulation po-
tential and toxicity (ATSDR, 2004; Law et al., 2014). PBDE accu-
mulation in animals of both marine and terrestrial habitats (Law
et al., 2014; Cruz et al., 2015), as well as human blood serum and
milk (Toms et al., 2012; Kim et al., 2012; Sahlstr€om et al., 2014), is
well documented. Toxicological reports have described a range of
adverse effects in humans and animals exposed to PBDEs including* Corresponding author.
E-mail address: bradley.clarke@rmit.edu.au (B.O. Clarke).
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endocrine disruption and neurodevelopmental toxicity (Linares
et al., 2015; Berghuis et al., 2015).
PBDEs are semi-volatile compounds that may be released to the
environment during raw polymer manufacturing (Hale et al., 2002;
Deng et al., 2016) or secondary processes such as plastic extrusion
or foam cutting. Furthermore, PBDEs are typically used as additive
ﬂame retardants and are not chemically bound within polymers
(USEPA, 2010a). As such, they may volatilize or separate from ma-
terials throughout product life spans (Gaylor et al., 2012; Li et al.,
2014). Growing waste streams of electronic products and other
ﬂame-retarded goods continue to release PBDEs during disposal
processes such as incineration (Wang et al., 2011), recycling (Hearn
et al., 2012) and landﬁll burial (Danon-Schaffer et al., 2013). PBDEs
are subject to long-range atmospheric transport (de Wit et al.,
2010) and undergo net deposition to land by wet and dry pro-
cesses (Cetin et al., 2016; Cetin and Odabasi, 2007). With high
KOW's, ranging from 5.9 to 10 (ICPS, 1994), PBDEs bind tightly to
organic media (Litz, 2002) and have been shown to accumulate in
soils throughout the world (Thorenz et al., 2010; Hassanin et al.,
2004; Alabi et al., 2012). The greatest levels of PBDE soil contami-
nation have typically been recorded near industrial areas associ-
ated with recycling or electrical and electronic waste (Zhang et al.,
2016; Matsukami et al., 2015; Labunska et al., 2013). High atmo-
spheric concentrations of PBDEs inside electronics recycling facil-
ities have corresponded with elevated outdoor levels, indicating a
high potential for transfer to soil (Cahill et al., 2007). The soils of
manufacturing regions also commonly contain signiﬁcant levels of
PBDEs (Deng et al., 2016; Zhang et al., 2013), while concentrations
have also been observed to be higher in the soils of urban centres
compared with surrounding areas (Harrad and Hunter, 2006;
Gevao et al., 2011; Newton et al., 2015). Long-range transport has
also resulted in detection of PBDEs in polar regions and other
remote soils (Vecchiato et al., 2015; de Wit et al., 2006).
PBDEs have historically been sold in three commercial formu-
lations known as Penta-BDE, Octa-BDE and Deca-BDE. Despite their
titles, each of these mixtures contains a variety of PBDE homo-
logues (La Guardia et al., 2006). Seven major congeners, BDE-47,
-99, -100, -153, -154, -183 and -209, have predominated commer-
cial production and consequently, environmental distribution (Law
et al., 2014; de Wit, 2002). While common attributes are shared by
all PBDEs, physicochemical properties vary amongst the 209 con-
geners, causing studies of the chemical group, as a whole, to be
complex and nuanced.
In light of the environmental and biological hazards, use of
Penta-BDE and Octa-BDE commercial mixes were banned in Eu-
ropean countries (EU, 2003), the USA (Stapleton et al., 2012) and, as
of 2007, Australia (NICNAS, 2007). The PBDE homologues corre-
sponding to these mixtures, tetra-through hepta-BDEs, were
registered as Persistent Organic Pollutants (POPs) under the 2009
United Nations Stockholm Convention (UNEP, 2009). Deca-BDE
formulations remain unregulated in Australia but are restricted in
the European Union (EU, 2009) and have been subject to various
phase-out initiatives by manufacturers in the USA (USEPA, 2010b).
None of the PBDE formulas, however, have been manufactured in
Australia. In May 2013, Australia's National Environment Protection
Measure (NEPM) of 1999 was amended to include a Health Inves-
tigation Level (HIL) of 1000 ng/g for all mono-through nona-BDE
homologues in soil (NEPC, 2013). The fully brominated form, BDE-
209, was not included in the NEPM guidelines on the basis that it is
less toxic, shows lower bioavailability, and is less mobile in the
environment, than lower brominated congeners (NEPC, 2013).
However, the potential for BDE-209 to produce HIL regulated PBDEs
via microbial and photolytic debromination (Deng et al., 2011; Lu
et al., 2013; Sun et al., 2013) is not discussed in the current NEPM
framework. The HIL was derived by integrating human exposure
estimates with current toxicity information and provides regulators
with a limit above which further site-speciﬁc risk assessment is
required. To the author's knowledge, no wide-ranging assessments
of PBDE levels in Australian soils have been published.
The objective of this study was to determine the current PBDE
contamination status of HIL restricted PBDE congeners and BDE-
209 in surface soils of the city of Melbourne, Australia. A second-
ary objective was to identify potential PBDE emission sources
through a comparison of industrial land concentrations with urban
background levels.
2. Methods and materials
2.1. Reagents and standards
Amixed analytical standard containing BDEs (-28, -47, -99, -100,
-153, -154, -183 and -209) and individual standards of BDE-37 and
BDE-77 were purchased from AccuStandard Inc. (New Haven, CT,
USA). Individual standards of isotopically labeled 13C-BDE-47, 13C-
BDE-99, 13C-BDE-153, 13C-BDE-209 and 13C-BDE-138were obtained
from Wellington Laboratories (Guelf, ONT, Canada). Concentration
and isotopic purity data are included in Table S1. All solvents used
in PBDE extraction and analysis were HPLC or Pesticide grade un-
less otherwise stated. Iso-octane, toluene, n-hexane and dichloro-
methane (DCM) were obtained from Honeywell Burdick & Jackson
(Muskegon, MI, USA), and acetone (AR grade) from Chem Supply
(Gilman, SA, Australia). Chromatic materials silica-gel (200e425
mesh amorphous SiO2) (Grace Davison Discovery Science; Row-
ville, VIC, Australia) and Florisil (60e100 mesh MgO3Si) (Sigma
Aldrich; St Louis, MO, USA) were activated by heating to 130 !C for
16 h. Silica-gel was further treated by addition of concentrated
sulfuric acid (H2SO4, 98%) (Merck; Kilsyth, VIC, Australia) followed
by thorough mixing on a rotary shaker for 4 h to produce 10% w/w
acid silica. Copper powder (Sigma Aldrich; St Louis, MO, USA) was
activated immediately prior to use by sonication in concentrated
hydrochloric acid (HCl, 32%) (Rowe Scientiﬁc; Doveton, VIC,
Australia). Hydromatrix diatomaceous earth was from Varian Inc.
(Santa Clara, CAL, USA) and anhydrous sodium sulfate (Na2SO4)
from Sigma Aldrich (St Louis, MO, USA) were each heated to 500 !C
for 12 h in a mufﬂe furnace prior to use to eliminate trace PBDE
contamination. All glassware was likewise decontaminated in a
mufﬂe furnace at the same temperature (500 !C for 12 h).
2.2. Soil sampling and PBDE extraction
A total of 30 soil samples were collected from an area spanning
approximately 40 km " 120 km across the Greater Melbourne re-
gion, Australia (Fig. 1), between March and June 2014. Sample lo-
cations were categorized according to potential onsite sources of
PBDEs (manufacturing source, waste disposal source, and non-
source areas) and speciﬁc land-use (general chemical
manufacturing, plastics and foam manufacturing, waste incinera-
tion, electronic waste recycling, domestic dumpsite, residential,
urban parkland and urban background) (Table 1, Table 2). Primary
production of PBDEs has not occurred in Australia, so all manu-
facture source classes refer to industries where PBDEs are likely to
be present in the production of secondary materials. Soil samples
were collected to a depth of approximately 0e10 cm using a
stainless steel hand trowel pre-cleaned with a 1:1 mixture of
hexane/acetone. Samples (approximately 500 g soil in 1 L amber
jars with PTFE lined lids) were transported to the laboratory in
coolers at <4 !C and stored at #20 !C until analysis.
Soils were sieved to <1 mm fraction and homogenized by hand-
grinding with a mortar and pestle. Selective pressurized liquid
extraction (S-PLE) of PBDEs was performed using an Accelerated
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Solvent Extraction System (ASE 200) (Thermo Fisher Scientiﬁc) as
previously described (McGrath et al., 2016). Brieﬂy, stainless steel
33 mL extraction cells contained, from bottom to top, a cellulose
ﬁlter, 3 g of activated Florisil, 6 g of acid silica (10% w/w), 3 g of
Na2SO4, a second cellulose ﬁlter, 2 g of activated copper, and 3 g of
soil sample dispersed in 1 g Hydromatrix and 2 g Na2SO4 with
<1 cm of Hyromatrix at the top. The extraction program entailed
5 min heating time, 5 min static time, 60% ﬂush volume and 2 min
nitrogen purge. A total of 3 cycles was performed on each sample at
100 !C and 1500 psi (~10.34 MPa) using a 1:1 mixture of n-hexane
and dichloromethane (DCM). A line rinse was conducted before the
ﬁrst sample and between each sample. Extracts were evaporated to
dryness under a gentle nitrogen stream and reconstituted to 100 mL
with iso-octane:toluene (80:20 v/v) in amber glass vials with
250 mL inserts.
2.3. Quantitation and analysis
PBDE analysis was performed using an Agilent 7000C gas
chromatograph - triple quadrupole mass spectrometer (GC-MS/
MS) operated in electron ionization (EI) mode. Analyte separation
was achieved using an Agilent DB-5MS column (15 m " 0.180 mm
internal diameter, 0.18 mm ﬁlm thickness) and 2 mL pulsed-splitless
injection. The inlet temperature was 100 !C (0.2 min) before
ramping to 285 !C (900 !C/min). The oven temperature was 80 !C
(1 min), then ramped to 230 !C (37.5 !C/min) and then 325 (30 !C/
min). The temperature of the transfer line was 325 !C, the ion
source 280 !C, and the quadrupoles each 150 !C. The helium carrier
gas ﬂow rate was 1.8 mL/min (8.25 min) and then increased at
100 mL/min to 4.0 mL/min. Full acquisition parameters are detailed
in Table S2.
Target analytes were determined by retention time and two ion
transitions using Agilent MassHunter quantitative analysis soft-
ware (v. B.06.00). For each compound, the most abundant mass
transition was used for quantitation and a second transition
monitored for qualitative conﬁrmation. Analytes were considered
detected when the signal to noise ratio (S/N) in the quantitative ion
transition exceeded three and the GC retention time was within
±5% of those in standards. BDE-209 was required to elute within
±1% of surrogate standard 13C-BDE-209 to account for a matrix
induced peak shift. Analytes were only quantiﬁed when S/N exceed
10 in the quantitation transition, three in the qualitative transition,
and the ratio between the two monitored transitions was within
±20% of those measured in calibration standards.
Mass-labeled PBDE standards (13C-BDEs, -47, -99, -153, -209)
were used as surrogates for internal standard quantitation. An
aliquot of 5 ng of each surrogate internal standard (100 ng of 13C-
BDE-209) was spiked into each soil sample prior to extraction. Al-
iquots of 5 ng of each BDE-37, BDE-77 and 13C-BDE-138were spiked
into ﬁnal extracts to be used as recovery internal standards for
determination of surrogate standard recovery. Five-point calibra-
tion curves containing all target analytes and each internal stan-
dard at its corresponding sample spike concentration were
prepared in iso-octane/toluene (80:20 v/v) and used for quantita-
tion. Linear regression lines ﬁt the calibration curves with
R2 > 0.999 for all compounds except BDE-209 (R2 > 0.994). The
concentration of BDE-209 exceeded the upper calibration range
(10,000 ng/mL) in ﬁve of the soil sample extracts, while BDE-183
exceeded the range (1000 ng/mL) in one sample. In these in-
stances, the extract was diluted in surrogate internal standard at
the initial spike concentration, reanalyzed and then quantiﬁed by
the same protocol as original extracts. Congeners quantiﬁed by this
method have been indicated in Table 1.
2.4. Quality assurance/quality control (QA/QC)
A set of three method QA/QCs consisting of a method blank,
laboratory control sample (LCS) and matrix spike were analysed
with every eight soil samples. Each QA/QC sample underwent the
same preparation, extraction and analysis processes as the soil
Fig. 1. Map of soil sampling locations. 1) Australia, 2) State of Victoria, 3) City of Melbourne. Some sampling location markers are overlaid.
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samples. Extraction of blanks and LCSs were performed using
22 mL ASE cells containing all of the same adsorbents as sample
preparations (Section 2.2), with the exclusion of a soil sample.
Matrix spikes and LCSs were spiked with 5 ng of native PBDEs
(100 ng BDE-209) in order to assess accuracy and precision of the
method. The soil sample used for matrix spike samples was
analysed in triplicate to assess indigenous background contaminant
levels and the average concentration of individual compounds
subtracted from matrix spike measurements. Only trace PBDE
levels were determined in the matrix spike soil. Three ﬁeld blanks
were also assessed by “sampling” pre-baked (500 !C) Na2SO4 with
the hand trowel and sieve before storing in sample bottles.
Table 1
PBDE concentrations in soil samples (ng/g dw).
Source/Land-use ID PBDE congener S7PBDEs S8PBDEs
28 47 99 100 153 154 183 209
Manufacture Source GC 1 <MQL 0.19 0.18 nd 0.07 0.04 <MQL 62.9 0.52 63.4
2 nd 1.34 nd nd 1.97 0.98 1.75 <MQL 6.04 7.71
3 nd 1.96 2.72 nd nd nd <MQL 166 4.69 171
4 nd 0.54 0.72 nd 0.38 0.23 2.29 39.2 4.16 43.4
5 nd 1.41 2.30 0.82 nd nd nd nd 4.52 4.52
6 nd 0.21 0.41 0.16 7.11 1.40 61.2a <MQL 70.5 72.2
7 0.11 5.62 13.2 4.04 2.30 1.63 4.50 172 31.4 203
PF 8 0.06 0.57 0.80 0.20 0.22 0.14 0.49 54.3 2.46 56.8
9 0.06 1.50 2.09 0.55 0.26 0.19 <MQL 26.2 4.67 30.9
10 <MQL 0.40 0.67 0.15 0.11 0.08 nd 21.8 1.44 23.2
11 nd 0.26 0.35 0.09 0.08 0.04 nd 12.3 0.83 13.1
12 nd nd nd nd nd nd nd nd nd nd
13 <MQL 0.64 0.97 0.23 1.98 nd 7.95 927a 11.8 939
14 nd 0.23 0.30 0.11 0.27 0.17 1.09 340 2.16 342
15 nd 8.84 17.5 nd 2.65 nd 4.12 161 33.1 194
16 0.07 0.50 0.68 0.27 0.82 0.39 3.79 1,730a 6.51 1740
17 <MQL 0.18 0.20 nd 0.11 nd 0.46 27.5 0.97 28.5
18 nd 4.21 6.94 1.48 1.73 0.76 4.73 158 19.9 178
Disposal Source WI 19 nd 6.00 7.53 nd nd nd <MQL nd 13.6 13.6
20 0.06 0.17 0.23 nd 0.10 0.07 0.16 80.0 0.78 80.8
ER 21 0.21 1.25 1.26 nd 1.67 0.23 15.7 1,060a 20.3 1080
22 1.05 6.83 7.26 0.97 6.48 1.42 31.0 13,100a 55.0 13,200
DD 23 0.12 1.89 1.50 nd 0.17 0.14 <MQL 20.8 3.82 24.6
24 0.05 0.84 0.81 0.21 0.19 0.11 <MQL 774a 2.23 776
Non-Source R 25 0.06 nd nd nd nd nd nd 7.16 0.06 7.22
26 0.07 2.73 3.31 0.98 0.45 0.30 nd 31.9 7.84 41.8
UP 27 <MQL 2.81 3.49 1.06 nd 0.39 nd 35.5 7.76 43.4
28 nd 0.12 nd nd nd nd nd nd 0.12 0.12
UB 29 0.06 nd 0.34 0.11 0.09 0.07 nd 16.6 0.67 17.3
30 nd nd nd nd nd nd 0.24 6.45 0.24 6.69
Detection (det) 17 26 25 16 22 20 21 26 29 29
Detection freq (%) 57 87 83 53 73 67 70 87 97 97
Mean 0.07 1.71 2.52 0.38 0.97 0.29 4.65 635 10.6 645
%RSD 280 136 164 210 182 158 266 376 158 371
Median 0.02 0.60 0.76 0.10 0.18 0.09 0.09 34.8 4.34 43.4
Min nd nd nd nd nd nd nd nd nd nd
Max 1.05 8.84 17.5 4.04 7.11 1.63 61.2 13,100 70.5 13,200
ID¼ sample identiﬁcation number. GC¼ general chemical, PF¼ plastic and foams, WI¼waste incinerator, ER¼ electronics recycler, DD¼ domestic dumpsite, R¼ residential,
UP ¼ urban parkland, UB ¼ urban background. %RSD ¼ percentage relative standard deviation. MQL ¼ method quantitation limit, nd ¼ not detected. a ¼ Congener value
calculated from diluted soil sample extract. Congener Individual measurements reported as <MQL were assigned a value of half the MQL and measurements reported as nd
were assigned a value of zero in statistical calculations.
Table 2
Summary statistics of PBDE concentrations in soil samples (ng/g dw) by source and land-use classiﬁcation.
Classiﬁcation n S7PBDEs BDE-209 S8PBDEs
Mean Median (Range) Mean Median (Range) Mean Median (Range)
Source
Manufacture 18 11.4 4.59 (nd-70.5) 217 46.8 (nd-1730) 228 60.1 (nd-1740)
Disposal 6 16.0 8.69 (0.78e55.0) 2510 427 (nd-13,100) 2520 429 (13.6e13,200)
Non-Source 5 2.78 0.45 (0.06e7.84) 16.6 11.9 (nd-35.6) 19.4 12.2 (0.12e43.4)
Land-use
General Chemical 7 17.4 4.69 (0.52e70.5) 63.4 39.2 (nd-172) 80.8 63.4 (4.52e203)
Plastic and Foams 11 7.61 2.46 (nd-33.1) 314 54.3 (nd-1730) 322 56.8 (nd-1740)
Waste Incinerator 2 e e (0.78e13.6) e e (nd-80.0) e e (13.6e80.8)
Electronics Recycler 2 e e (20.3e55.0) e e (1060e13,100) e e (1080e13,200)
Domestic Dumpsite 2 e e (2.23e3.82) e e (20.8e774) e e (24.6e776)
Residential 2 e e (0.06e7.84) e e (7.16e34.0) e e (7.22e41.8)
Urban Parkland 2 e e (0.12e7.76) e e (nd-35.6) e e (0.12e43.4)
Urban Background 2 e e (0.24e0.67) e e (6.45e16.6) e e (6.69e17.3)
Total 30 10.6 4.34 (nd-70.5) 635 34.8 (nd-13,100) 645 43.4 (nd-13,200)
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BDE-28 and BDE-99 were each detected in method blanks at
trace levels. Method detection and quantitation limits (MDLs/
MQLs) for these compounds were set to meet 95 and 99% conﬁ-
dence intervals, respectively, above the mean concentration
detected in blanks. Blank corrections were, therefore, not per-
formed. MDLs/MQLs for all other compounds were deﬁned as the
PBDE concentration in soil corresponding to the lowest calibration
point to meet analytical detection and quantitation criteria detailed
in Section 2.3. Instrument and method detection and quantitation
limits are provided in Table S3. Mean recovery of analytes in the
LCSs ranged 96e120% with %RSD less than 10% for each compound.
Matrix spike mean recoveries ranged 88e126% with %RSD values
less than 15% for all compounds except BDE-209 (%RSD ¼ 23%).
Surrogate performance of 13C-BDE-47, 13C-BDE-99, 13C-BDE-153
and 13C-BDE-209 met the limits described by USEPA Method 1614
(USEPA, 2010c) with mean ± %RSD recoveries of 104 ± 9%, 95 ± 14%,
99 ± 14% and 107 ± 32%, respectively. Field blanks showed that no
introduction of contamination occurred via the sampling methods.
2.5. Statistical analysis
Statistical analyses were performed in Microsoft Excel and
Minitab 17. Correlation and ANOVA statistics were calculatedwith a
95% conﬁdence interval and included only congeners quantiﬁed in
"50% of samples. Probability plots of the data showed that S7PBDE
and S8PBDE concentrations in soil were not normally distributed,
thus, sample categories have been discussed according to median
values. Mean, median and standard deviation have been calculated
only where a minimum of three values are available. All concen-
trations reported to be below < MQL were assigned a value of half
the MQL in statistical calculations, while results reported as nd (not
detected) were assigned a value of zero. In all cases S7PBDEs refers
to the sum of PBDE congeners -28, -47, -99, -100, -153, -154, -183
and S8PBDEs refers to the sum of all target compounds (BDE-28,
-47, -99, -100, -153, -154, -183, -209). S7PBDE concentrations
equate to the sum of all measured NEPMHIL restricted congeners in
this study.
3. Results
3.1. PBDE levels in soils
Individual PBDE congener concentrations in all 30 soil samples
are presented in Table 1. PBDEs were detected in 29 of the 30 soil
samples with amedian S8PBDEs concentration of 43.4 ng/g dw (dry
weight) and range of nd-13,200 ng/g dw. The total median S7PBDEs
concentration was markedly lower at 4.34 ng/g dw, with a range of
nd-70.5 ng/g dw. In general, PBDE concentrations in soils were
widely varied, spanning several orders of magnitude. Sampling site
classiﬁcations (manufacturing, disposal and non-source) and spe-
ciﬁc land-use groupings were used to investigate potential PBDE
sources across the city of Melbourne (Table 2). Although variation
among source classiﬁcations was not statistically signiﬁcant
(p > 0.05), median S8PBDE levels were considerably higher at
disposal source sites (429 ng/g dw) than manufacturing source
(60.1 ng/g dw) and non-source locations (12.2 ng/g dw). Median
S7PBDE concentrations were also highest at disposal source loca-
tions (8.69 ng/g dw), followed by manufacture source (4.59 ng/g
dw) and non-source (0.45 ng/g dw) locations (Table 2).
Of the land-use categories, substantial PBDE contamination was
observed in soils of electronics recycling sites (1080e13,200 ng/g
dw). This represented a statistically signiﬁcant distinction from all
other land-use classes for S8PBDEs (p ¼ 0.008). Although elec-
tronics recycling encompassed just two locations, these constituted
the ﬁrst and third highest S8PBDE levels measured of the 30
samples. In particular, the S8PBDE concentration in Sample 22
(13,200 ng/g dw) was especially high, measuring more than seven
times the next highest concentration, Sample 16 (1740 ng/g dw),
across all land-uses. Consistently high PBDE levels have been
recorded in the soils of electronic and electrical goods recycling
areas around theworld (Law et al., 2014). The industry has attracted
particular research attention in China where processing facilities
are grouped together and production capacity is high (Zhang et al.,
2014). Chinese studies have focused on general locations within the
recycling districts such as roadsides or farmland and also taken
targeted samples from speciﬁc industry sites, regularly detecting
PBDEs well in excess of 1000 ng/g dw (Li et al., 2014; Wang et al.,
2014; Gao et al., 2011). Similarly, elevated PBDE levels have been
reported from Turkey (2840 ng/g dw, n ¼ 1), Vietnam (68e9200
ng/g dw, n¼ 10) and Nigeria (13,330e34,740 ng/g dw, n¼ 2) (Cetin
and Odabasi, 2007; Alabi et al., 2012; Matsukami et al., 2015). To the
author's knowledge, there have been no reports of PBDE soil con-
centrations from electronics recycling areas of Western countries
with a similar degree of industrialization to Australia. Studies at
electronics waste facilities in Europe or the USA have measured
PBDE air concentrations with a focus on worker exposure (Cahill
et al., 2007; Rosenberg et al., 2011). One human exposure study
in the city of Brisbane, Australia, however, recorded PBDE concen-
trations of 28.5e725.6 ng/g dw (n ¼ 3) in soils near an automotive
shredding and metal recycling facility (Hearn et al., 2013). While
the sample size is small, the concentrations measured in Brisbane
further indicate that shredding and recycling of ﬂame retarded
goods may contribute to PBDE contamination of soils in Australia.
Domestic dumpsites recorded the next highest S8PBDE rates in
soil of the disposal source sites, ranging 24.6e776 ng/g dw. These
sites contained signiﬁcant proportions of electronic waste as well
as other household items likely to contain PBDEs such as white
goods, mattresses and couches. Direct leaching of PBDEs to soil
from electronic and domestic wastes has been illustrated previ-
ously (Kiddee et al., 2013; Osako et al., 2004). Despite efforts around
the world to divert electronic wastes to recycling facilities, many
consumer products continue to end up at dumpsites (Milovantseva
and Saphores, 2013). Moreover, many other PBDE-infusedmaterials
like polyurethane foams and textiles are much less readily recycled
and, thus, generally accumulate in landﬁlls (Petreas and Oros,
2009).
PBDE soil concentrations from the waste incineration sites
sampled in this study cannot be discussed in the same detail as
other disposal sites, as the composition of waste inputs are un-
known.Wang et al (Wang et al., 2010a). showed PBDEs to be largely
retained in the bottom ashes of municipal waste incinerators but
also present in ﬂue gases (26.1e109 ng/m3). The S8PBDE concen-
trations of thewaste incinerator sites (13.6e80.8 ng/g dw) were the
lowest of the disposal source land-uses.
The manufacturing land-use categories made up the majority of
samples due to a prevalence of chemical, plastics and foam pro-
ducing industries in the city of Melbourne. Overall, similar con-
centrations were recorded in both the general chemical and plastics
and foams land-use categories, with median S8PBDE levels of 63.4
and 56.8 ng/g dw, respectively. However, samples 13 and 16 from
plastics and foams manufacturing sites contained signiﬁcant
S8PBDE concentrations of 939 and 1740 ng/g dw, respectively.
Manufacturing industries have rarely been speciﬁcally targeted for
PBDE soil contamination assessment. Soil sampled close to an
exhaust outlet at a polyurethane foam manufacturing site in the
USA contained PBDEs of 76.0 ng/g dw (Hale et al., 2002). PBDEs
were detected in only one of two soil samples taken downwind
from the same facility, measuring 13.6 ng/g dw. The range of PBDE
concentrations observed by Hale et al (Hale et al., 2002). are similar
to the majority of the values measured at plastic and foam
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manufacturers in this study. Deng et al (Deng et al., 2016). reported
concentrations of 31,902e179,103 ng/g dw (n ¼ 2) in soils near
plastic manufacturing plants in China to demonstrate that massive
transfer of PBDEs from such industries can occur.
PBDEs were detected at all non-source locations. While median
S8PBDE concentrations at non-source locations were much lower
than those of other classiﬁcations, on occasion the levels in indi-
vidual samples exceeded those of some manufacture or disposal
source samples. Indeterminate on-site sources of contamination
such as the prior presence of ﬂame retarded goods or wastes may
be responsible for these anomalies. Cetin et al (Cetin and Odabasi,
2007). documented results concurrent with the present study in
the urban soils of Izmir, Turkey, with an average 7.6 ng/g
(0.84e18.60 ng/g dw). Residential PBDE soil data from Brisbane,
Australia ranged just 0.2e1.6 ng/g dw (n ¼ 3) (Hearn et al., 2013),
representing the lowest of any urban soil measurements published.
Soil surveys in France and the UK have found urban background
levels to be similar to rural or woodlandmeasurements of the same
regions (Harrad and Hunter, 2006; Muresan et al., 2010). There is no
background level data of PBDEs in Australian environments outside
cities, so it is difﬁcult to determine whether the low levels detected
in the non-source classiﬁed soils reﬂect PBDE sources speciﬁc to
those sites or widespread atmospheric transfer from industrial
point-sources.With respect to the small number of background and
urban measurements of international studies available for com-
parison, the levels recorded in the current study are marginally
higher than average.
3.2. NEPM HIL assessment
The median concentration of NEPM restricted congeners
(mono-through nona-BDEs) measured in this study
(S7PBDE ¼ 4.34 ng/g dw) is substantially lower than the prescribed
NEPM HIL of 1000 ng/g. Indeed the maximum S7PBDE level
recorded in any of the 30 soil samples (70.5 ng/g dw) equates to just
7.05% of the HIL for Australian soils. In assessing the implications of
the PBDE levels measured in regards to the NEPM HIL guidelines,
however, it must be acknowledged that BDE-209 has been shown
to produce lower brominated PBDEs via microbial and photolytic
debromination (Deng et al., 2011; Lu et al., 2013; Sun et al., 2013).
With BDE-209 soil concentrations constituting the majority of
S8PBDEs measured in this study, debromination processes may
represent a signiﬁcant secondary source of HIL regulated PBDEs to
soils. Furthermore, as regulatory actions have been enacted
regarding Deca-BDE in the USA and Europe, it is foreseeable that
BDE-209 be considered within the future framework of Australia's
NEPM HILs for soil. The current data set reveals that any such
amendment to the guidelines would be signiﬁcant, as BDE-209
concentration were markedly higher than the sum of all other
congeners, and exceeded the present HIL at three locations.
3.3. Congener distribution
BDE-209 was the dominant congener in soils, contributing an
average of 75.5% of the S8PBDE concentration in individual sam-
ples. BDE-47 contributed the second greatest proportion to S8PBDE
concentrations, 7.90%, followed by BDE-99 and BDE-183 with 5.64%
and 4.31%, respectively. BDE-47 and BDE-99 are each main con-
stituents of commercial Penta-BDE mixes while BDE-183 repre-
sents Octa-BDE and BDE-209, Deca-BDE (La Guardia et al., 2006).
The prevalence of BDE-209 in Melbourne soils may be demon-
strative of the ongoing use of Deca-BDE formulas after restriction of
Penta- and Octa-BDEs. The overall proportion of these congeners in
soils also corresponds with historical marketplace demand. Global
demand in 2001, before prohibition took place in many countries,
was estimated at 56,100 metric tonnes (t) of Deca-BDE, while de-
mand for the Penta- and Octa-formulations were 7500 and 3790 t,
respectively (BSEF, 2003). In the USA, Penta- and Octa-BDE
manufacture was discontinued by 2005 (USEPA, 2010a), while
approximately 8215 t/y of Deca-BDE were produced in 2012
(USEPA, 2012). Deca-BDE sales were estimated to be 2500e5000 t
in Europe during 2012 (VECAP, 2013). Althoughmanufacture of raw
PBDEs has not taken place in Australia, estimated annual import
volumes of raw Penta-BDE and Octa-BDE products prior to the 2007
bans were 72 t and 47 t, respectively, during 1998e1999 and < 30 t
and <10 t, respectively, by 2003e2004 (NICNAS, 2005). Rates of
Deca-BDE import were approximately 180 t/y in 2003e2004
(NICNAS, 2005). Recent import data is not available for Deca-BDE
products entering Australia.
Fig. 2 shows the relative contributions of congeners to S7PBDEs
concentrations by land-use classiﬁcation. The congener proﬁles in
general chemical and plastics and foams categories suggest the use
of all three of the commercial formulations in Melbourne's
manufacturing industries. A prevalence of BDE-47 and BDE-99 at
0%
20%
40%
60%
80%
100%
GC PF WI ER DD R UP UB
Manufacture Source Disposal Source Non-Source
R
e
la
t
iv
e
 P
r
o
p
o
r
t
io
n
BDE-28
BDE-47
BDE-99
BDE-100
BDE-153
BDE-154
BDE-183
Fig. 2. Relative proportion of selected PBDE congeners in soil samples by land-use category. GC ¼ general chemical, PF ¼ plastics and foams, WI ¼ waste incinerator,
ER ¼ electronics recycler, DD ¼ domestic dumpsite, R ¼ residential, UP ¼ urban parkland, UB ¼ urban background.
T.J. McGrath et al. / Chemosphere 164 (2016) 225e232230
McGrath, T.J. Doctoral Thesis 2018
Page 58
plastics and foams manufacturing sites may be associated with a
greater use of Penta-BDE products generally employed in soft and
ﬂexible polymers like polyurethane foam (NICNAS, 2007; WHO,
1997). Congener proportions were more varied among the waste
disposal land-use categories. A high proportion of heavier conge-
ners BDE-183 and BDE-209 in the soils of electronic waste recycling
sites could be caused by particulate-associated PBDE pollution
generated during the shredding of e-waste materials (Cahill et al.,
2007). Hearn et al (Hearn et al., 2012). determined larger PBDE
molecules (six bromines or more) to be present almost exclusively
in the particle-phase of air sampled outside an automotive recy-
cling factory, while heavier congeners detected close to the site
were not detected >1 km away. Atmospheric deposition of PBDEs
was also shown to correlate with particle deposition rates by Are-
llano et al. (Arellano et al., 2014). After BDE-209, BDE-47 and BDE-
99were the dominant congeners in soils at waste incineration sites.
Flue gases from waste incinerators have been shown to contain
around 80% BDE-209 and smaller fractions of BDEs- 47, -99 and
-183 as the next major congeners after nona-BDEs, not measured in
this study (Wang et al., 2010a, 2010b). These reports resemble the
PBDE proﬁles in soils near Melbourne's incinerators. The waste
incinerator congener proﬁles in Fig. 2 appear to indicate a greater
release of lighter congeners by volatilisation during combustion
than other waste disposal methods.
In general, a higher proportion of lighter congeners were also
evident in soils of non-source land-uses. Evidence has shown
lesser-brominated congeners to be transported greater distance in
the atmosphere, while larger molecules like BDE-209 are deposited
closer to sources (Muresan et al., 2010; Law et al., 2006). This may
be the cause for a lower incidence of the heavier BDE-183 and BDE-
209 congeners at non-source locations (Table 1).
3.4. Congener correlations
Associations between individual congener concentrations in
soils were assessed to further illustrate links to speciﬁc commercial
formulations. Pearson correlation coefﬁcients are presented in
Table S4. A strong positive relationship was determined between
BDE-47 and BDE-99 (r ¼ 0.943, p < 0.001). Concentrations of these
congeners are often found to correlate strongly in environmental
matrices (Hassanin et al., 2004) due to their association within
Penta-BDE mixes. Other statistically signiﬁcant (p < 0.001) associ-
ations were established between BDE-99 and BDE-100 (r ¼ 0.948),
BDE-153 and BDE-154 (r ¼ 0.844), and BDE-153 and BDE-183
(r ¼ 0.903). BDE-100 is the third most prevalent congener in
Penta-BDE technical formulations after BDE-47 and BDE-99, which
may explain these relationships in soil. The relationships between
BDE-153 and BDE-154 is also explained by their common source in
Penta-BDE mixes while BDE-153 and BDE-183 are each present in
Octa-BDE products (La Guardia et al., 2006). Although BDE-209 is
present in some Octa-BDEmixes, it constitutes >90% of the makeup
of Deca-BDE products. It therefore reasons that strong correlations
are not observed between BDE-209 and other congeners since they
do not share a common commercial source.
4. Conclusion
A major motivation for conducting investigations into PBDE
concentrations in Australian soils comes from the recent 2013
expansion of the National Environment Protection Measure
(NEPM) of 1999 to include a health investigation level (HIL) for all
congeners, except BDE-209. In this context, the levels of NEPM
restricted congeners measured in this study are substantially lower
than the prescribed limit of 1000 ng/g. The results of this research
indicated that the inclusion of BDE-209 within the NEPM HIL
framework would be signiﬁcant, as BDE-209 levels were consid-
erably higher than the sum of all other congeners and exceeded
1000 ng/g dw at three sampling sites out of a total of 30.
In addition, PBDE contaminationwas observed to bewidespread
in the urban soils of Melbourne, Australia, including background
locations such as residential and parkland settings. While greater
sample numbers are required to elucidate key PBDE sources to soils,
the current data set indicates that electronics recycling facilities are
likely to be a signiﬁcant contributor of contamination among land-
uses in the city of Melbourne. To the authors' knowledge, this is the
ﬁrst report of PBDE soil contamination near electronic waste
recycling sites in any Western jurisdiction. Ongoing studies of this
kind are required to create a broader understanding of the pro-
cesses contributing to PBDE contamination in Australian soils.
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Table S1. Analytical standard information   
Abbreviation Chemical Name Conc. 
(µg/mL) 
Category Manufacturer 
BDE-28a 2,4,4′-Tribromodiphenyl ether 20.44 Native Accustandard 
BDE-47a 2,2′,4,4′-Tetrabromodiphenyl ether  20.20 Native  
BDE-99a 2,2′,4,4′,5-Pentabromodiphenyl ether 20.16 Native  
BDE-100a 2,2′,4,4′,6-Pentabromodiphenyl ether 20.16 Native  
BDE-153a 2,2′,4,4′,5,5′-Hexabromodiphenyl ether 20.04 Native  
BDE-154a 2,2′,4,4′,5,6′-Hexabromodiphenyl ether 20.20 Native  
BDE-183a 2,2′,3,4,4′,5′,6-Heptabromodiphenyl ether 20.12 Native  
BDE-209a Decabromodiphenyl ether 196.70 Native  
13C-BDE-47 2,2′,4,4′-Tetrabromo[13C12]diphenyl ether  50 ± 2.5 Surrogate IS Wellington 
13C-BDE-99 2,2′,4,4′,5-Pentabromo[13C12]diphenyl ether 50 ± 2.5 Surrogate IS Wellington 
13C-BDE-153 2,2′,4,4′,5,5′-Hexabromo[13C12]diphenyl ether 50 ± 2.5 Surrogate IS Wellington 
13C-BDE-209 Decabromo[13C12]diphenyl ether 25 ± 1.2 Surrogate IS Wellington 
BDE-37 3,4,4′-Tribromodiphenyl ether 50.10 Recovery IS Accustandard 
BDE-77 3,3′,4,4′-Tetrabromodiphenyl ether 49.60 Recovery IS Accustandard 
13C-BDE-138 2,2′,3,4,4′,5′-Hexabromo[13C12]diphenyl ether  2 Recovery IS Wellington 
aMixed standard. Isotopic purity ³99% in all [13C12] mass-labeled standards. 
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 Table S2. GC-(EI)-MS/MS acquisition parameters and quantitation parameters. 
  Quantitation Transition Confirmation Transition 
Compound RT (min) T1 (m/z) Dwell 
(ms) 
CE 
(eV) 
T2 (m/z) Dwell 
(ms) 
CE 
(eV) 
BDE-28 5.74 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
BDE-37 (RS) 5.88 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
BDE-47 6.39 486.0 ® 326.0 10 45 326.0 ® 138.0 10 20 
13C-BDE-47 (SS) 6.39 497.7 ® 338.0 12 25 495.7 ® 336.1 12 45 
BDE-77 (RS) 6.65 486.0 ® 326.0 10 45 326.0 ® 138.0 10 20 
BDE-100 6.87 563.6 ® 403.7 10 35 403.7 ® 296.7 16 35 
BDE-99 7.02 563.6 ® 403.7 10 20 565.6 ® 405.6 10 20 
13C-BDE-99 (SS) 7.02 577.7 ® 417.8 10 40 417.3 ® 309.0 13 55 
BDE-154 7.41 643.6 ® 483.8 10 25 483.7 ® 374.9 14 25 
BDE-153 7.62 643.6 ® 483.8 14 40 483.7 ® 323.6 10 40 
13C-BDE-153 (SS) 7.62 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
13C-BDE-138 (RS) 7.89 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
BDE-183 8.18 721.6 ® 561.8 21 20 561.7 ® 454.9 10 25 
BDE-209 11.56 799.4 ® 639.5 67 55 797.7 ® 637.7 52 55 
13C-BDE-209 (SS) 11.56 811.8 ® 651.4 61 55 809.7 ® 649.5 57 55 
SS= Internal surrogate standard, RS= internal recovery standard, CE= collision energy. Dwell time is listed in milliseconds 
(ms) and CE listed in electron volts (eV). 
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 Table S3. Analytical detection and quantitation limits. 
Compound IQL (ng/mL) IDL (ng/mL) MQL (ng/g) MDL (ng/g) 
BDE-28 1 0.3 0.03 0.02 
BDE-47 1 0.3 0.03 0.01 
BDE-99 1 0.3 0.03 0.02 
BDE-100 1 0.3 0.03 0.01 
BDE-153 1 0.3 0.03 0.01 
BDE-154 1 0.3 0.03 0.01 
BDE-183 1 0.3 0.03 0.01 
BDE-209 100 30 3.33 1 
IQL= instrument quantitation limit, IDL= instrument detection limit, 
MQL= method quantitation limit, MDL= method detection limit. 
 
 
 
 
 
Table S4. Congener Pearson correlation coefficients. 
 
BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 
BDE-99 0.943 
     
 
<0.001 
     
       
BDE-100 0.749 0.948 
    
 
0.001 <0.001 
    
       
BDE-153 0.456 0.373 0.176 
   
 
0.038 0.096 0.548 
   
       
BDE-154 0.673 0.752 0.653 0.844 
  
 
0.002 <0.001 0.011 <0.001 
  
       
BDE-183 0.046 -0.018 -0.121 0.903 0.622 
 
 
0.847 0.941 0.739 <0.001 0.013 
 
       
BDE-209 0.435 0.201 0.049 0.582 0.433 0.381 
 
0.033 0.357 0.862 0.005 0.056 0.098 
Top and bottom listed values are r and p, respectively, calculated with a 95 % confidence interval. BDE-28 was not included in 
correlation analyses as measurements >MQL were fewer than 50%. Values in red are statistically significant (p<0.05). 
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Preface 
Emissions of PBDEs to the environment have been shown to often be accompanied by NBFR 
release at both industrial and urban sources (Kierkegaard et al., 2004; Shi et al., 2009; Newton et al., 
2015). The uptake of new flame retardants in consumer goods throughout global markets alludes to 
the likely presence of NBFRs in Australian manufacturing and product waste streams. This 
introduces a high potential for existing and ongoing land contamination in the city of Melbourne.  
This chapter establishes the concentration of six major NBFRs in the soil samples analysed in 
Chapter 4 and seeks to determine likely point-sources of pollution by comparing compound profiles 
at different industrial sites.  
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a b s t r a c t
A range of brominated ﬂame retardants (BFRs) have been incorporated into polymeric materials like
plastics, electronic equipment, foams and textiles to prevent ﬁres. The most common of these, poly-
brominated diphenyl ethers (PBDEs), have been subject to legislated bans and voluntary withdrawal by
manufacturers in North America, Europe and Australia over the past decade due to long-range atmo-
spheric transport, persistence in the environment, and toxicity. Evidence has shown that replacement
novel brominated ﬂame retardants (NBFRs) are released to the environment by the same mechanisms as
PBDEs and share similar hazardous properties. The objective of the current research was to characterize
soil contamination by NBFRs in the urban soils of Melbourne, Australia. A variety of industrial and non-
industrial land-uses were investigated with the secondary objective of determining likely point sources
of pollution. Six NBFRs; pentabromotoluene (PBT), pentabromoethylbenzene (PBEB), hexabromobenzene
(HBB), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), 1,2-bis(2,4,6-tribromophenoxy)ethane
(BTBPE) and decabromodiphenyl ethane (DBDPE) were measured in 30 soil samples using selective
pressurized liquid extraction (S-PLE) and gas chromatography coupled to triple quadrupole mass spec-
trometry (GC-MS/MS). NBFRs were detected in 24/30 soil samples with S5NBFR concentrations ranging
from nd-385 ng/g dw. HBB was the most frequently detected compound (14/30), while the highest
concentrations were observed for DBDPE, followed by BTBPE. Electronic waste recycling and polymer
manufacturing appear to be key contributors to NBFR soil contamination in the city of Melbourne. A
signiﬁcant positive correlation between S8PBDEs and S5NBFR soil concentrations was observed at waste
disposal sites to suggest that both BFR classes are present in Melbourne's waste streams, while no as-
sociation was determined among manufacturing sites. This research provides the ﬁrst account of NBFRs
in Australian soils and indicates that these emerging contaminants possess a similar potential to
contaminate Melbourne soils as PBDEs.
Copyright © 2017, The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
A range of brominated ﬂame retardants (BFRs) have been
incorporated into plastics, electronic equipment, foams and textiles
to prevent ﬁres [1,2]. The most common of these, polybrominated
diphenyl ethers (PBDEs), have come under a great deal of scientiﬁc
and regulatory scrutiny due to long-range atmospheric transport,
persistence in the environment and evidence of bioaccumulation in
humans and wildlife [3,4]. Toxicological reports have described a
range of adverse effects in humans and animals exposed to PBDEs,
including endocrine disruption and neurodevelopmental toxicity
[5,6]. In light of environmental and health hazards, PBDEs have
been subject to legislated bans and voluntary withdrawal by
manufacturers in North America [7,8], Europe [9,10] and Australia
[11] over the past decade. Commercial PBDE formulations Penta-
BDE and Octa-BDE were listed as United Nations Persistent
Organic Pollutants (POPs) under the Stockholm Convention of 2009
[12], while registration of the remaining product, Deca-BDE, has
been ofﬁcially proposed [13]. Restriction and regulation of PBDEs,
however, has driven a rise in manufacture and use of replacement
products, known as “novel” brominated ﬂame retardants (NBFRs).
Many of the compounds described as “novel” have been in
* Corresponding author.
E-mail address: bradley.clarke@rmit.edu.au (B.O. Clarke).
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production for decades, but have only been recognized as signiﬁ-
cant environmental contaminants recently, since replacing PBDEs
in a range of products. Most NBFRs have comparable vapour pres-
sures and log KOW values to PBDEs and are, likewise, not chemically
bound within polymers [2]. Consequently, research has shown that
NBFRs are likely to be released to the environment by the same
mechanisms as PBDEs and share a similar fate as persistent pol-
lutants in air, soil and sediments [14e17]. Industries involved in the
manufacture or disposal of ﬂame retarded goods are expected to be
key emission sources [18e21]. Many NBFRs also exhibit analogous
bioaccumulation potential and toxicity to PBDEs [22]. Experimental
evidence has identiﬁed hazards of NBFRs to include endocrine
disruption of the thyroid and reproductive systems [22], neuro-
toxicity and genotoxicity [2,23,24].
To date, as many as 75 NBFRs have been manufactured. A subset
of these are considered to be priority contaminants due to high
production volume, prevalence in the environment and bio-
accumulation potential (Table 1) [4,22,25]. Among the most widely
utilized of the NBFRs is decabromodiphenylethane (DBDPE), which
is marketed as a direct replacement for Deca-BDE commercial
mixtures in a range of plastics, resins, rubbers, adhesives and tex-
tiles [1,2]. 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE) consti-
tutes the main replacement for Octa-BDE mixtures, used mostly in
hard plastics while 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-
TBB) is used in conjunction with other ﬂame retardants in soft
polymer materials like polyurethane foams as replacements for
Penta-BDE [2,26]. Pentabromotoluene (PBT), pentabromoe-
thylbenzene (PBEB) and hexabromobenzene (HBB) are each used in
a wide range of materials such as hard plastics, ﬂexible foams and
textiles to meet ﬂammability standards [25].
Although primary production of NBFRs has not taken place in
Australia to date, these compounds may be imported in their raw
form for incorporation into secondary materials by local manu-
facturers. Australia's peak chemical regulation body, the National
Industrial Chemicals Notiﬁcation and Assessment Scheme (NIC-
NAS) maintains the Australian Inventory of Chemical Substances
(AICS), in which chemicals approved for manufacture or import are
listed. BTBPE, PBEB and PBT are currently included in the inventory
while BTBPE is the only NBFR to have been reviewed as part of a
Priority Existing Chemical (PEC) assessment [27]. The 2001
assessment estimated the import of BTBPE during the years
1998e1999 to be 17 metric t/y, though this number has not been
updated in recent years. No domestic import estimates are
currently available for any of the other NBFRs analysed in this study.
Flame-retarded precursor materials imported to Australia may also
contain NBFRs not documented by the AICS [27].
The NBFRs described above have been detected in atmospheric
samples from Europe [16], USA [28], Asia [29] and Africa [30] at
concentrations similar to and exceeding those of PBDEs. As with
PBDEs, evidence suggests that most NBFRs undergo net atmo-
spheric deposition to land [31e33]. NBFR soil levels have rarely
been studied, although contamination has been reported in the
Table 1
Novel brominated ﬂame retardants (NBFRs) of emerging environmental concern.
Compound Abbreviationa Vapour pressure (Pa) (25 !C) Octanol-water
coefﬁcient (log KOW)
Chemical structure
Pentabromotoluene PBT 1.22E-03c 5.87 ± 0.62c
Pentabromoethylbenzene PBEB 3.2E-04c 6.40 ± 0.62c
Hexabromobenzene HBB 7.5E-04b
1.14E-04c
5.85 ± 0.67c
2-Ethylhexyl-2,3,4,5-tetrabromobenzoate EH-TBB 6.33E-08 -
4.58E-06d
8.72e8.75d
1,2-Bis(2,4,6-tribromophenoxy)ethane BTBPE 3.88E-10c 7.88 ± 0.86c
Decabromodiphenylethane DBDPE 6.0E-15c 11.1c
a Organobromine ﬂame retardant abbreviation standard proposed by Bergman et al. [68].
b Tittlemier et al. [69], experimental results.
c Covaci et al. [25], from SciFinder Database calculation.
d Kuramochi et al. [65], calculation.
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soils of China [29,34,35], Sweden [16], England [36] and Indonesia
[37].
The current study aims to characterize soil contamination by six
NBFRs (PBT, PBEB, HBB, EH-TBB, BTBPE and DBDPE) in the urban
soils of Melbourne, Australia. A variety of industrial and non-
industrial land-uses were investigated with the secondary objec-
tive of determining likely point-sources of pollution. To the authors
knowledge, this research is the ﬁrst investigation of NBFRs in any
matrix in the Australian environment, and aims to broaden our
understanding of the contamination potential of these emerging
pollutants.
2. Methods and materials
2.1. Standards
Individual standard solutions of pentabromotoluene (PBT),
pentabromoethylbenzene (PBEB), hexabromobenzene (HBB), 2-
ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE), decabromodiphenylethane
(DBDPE), 3,4,40-tribromodiphenyl ether (BDE-37) and 3,30,4,40-tet-
rabromodiphenyl ether (BDE-77) were purchased from AccuS-
tandard Inc. (New Haven, CT, USA). Isotopically labeled 2,20,4,40-
tetrabromo[13C12]diphenyl ether (13C-BDE-47), 2,20,4,40,5-
pentabromo[13C12]diphenyl ether (13C-BDE-99), 2,20,4,40,5,50-hex-
abromo[13C12]diphenyl ether (13C-BDE-153) and decabromo[13C12]
diphenyl ether (13C-BDE-209) were obtained from Wellington
Laboratories (Guelf, ONT, Canada). Concentration and isotopic pu-
rity data are included in Table S1.
2.2. Soil sampling
A total of 30 soil samples were collected from an area spanning
approximately 40 km ! 120 km across the Greater Melbourne re-
gion, Australia, between March and June 2014 (Fig. 1). Sample sites
were categorized by land-use as manufacturing industries (n ¼ 18),
waste disposal facilities (n ¼ 6) or non-industrial sites (n ¼ 6).
Manufacturing sites includes principal production of polymeric
materials as well as industries involved in consequent manipula-
tion of plastics and foams through processes such as molding,
extrusion or cutting. Waste disposal sites comprise waste inciner-
ation (n ¼ 2), electronic waste recycling (n ¼ 2) and domestic
dumpsites (n ¼ 2), while non-industrial samples were collected
from residential (n ¼ 2), urban parkland (n ¼ 2) and background
(n ¼ 2) locations. A brief description of each sampling site is pro-
vided in Table S2. All sampling of industrial sites was conducted at
external property boundaries due to site access limitations. Care
was taken to retrieve samples from as close to suspected pollution
source activity as possible, which generally represented a distance
no greater than 10 m. At all sites, a single surface soil sample was
collected from approximately 1 m2 to a depth of 0e10 cm using a
stainless steel hand trowel. The hand trowel was cleaned with
detergent and then rinsed with deionized water followed by a 1:1
mixture of hexane/acetone between each sample. Samples were
transported to the laboratory in amber glass jars at<4 #C and stored
at $20 #C until analysis.
2.3. NBFR extraction
The method used for selective pressurized liquid extraction (S-
PLE) of target compounds from soil has been described in detail
previously [38]. Brieﬂy, 33 mL Accelerated Solvent Extraction (ASE)
cells contained, from bottom to top, a cellulose ﬁlter, 3 g of activated
Florisil, 6 g of acid silica (10% w/w), 3 g of Na2SO4, a second cellulose
ﬁlter, 2 g of activated copper, and 3 g of soil sample dispersed in 1 g
Hydromatrix and 2 g Na2SO4. Surrogate internal standards 13C-
BDE-47, 13C-BDE-99, 13C-BDE-153 (5 ng) and 13C-BDE-209 (100 ng)
were spiked into each soil sample prior to extraction. The extrac-
tion program entailed 5 min heating time, 5 min static time, 60%
ﬂush volume and 2 min nitrogen purge. A total of 3 cycles was
performed on each sample at 100 #C and 1500 psi (~10.34 MPa)
using a 1:1 mixture of n-hexane and dichloromethane. Extracts
were evaporated to dryness under a gentle nitrogen stream and
reconstituted to 100 mL with iso-octane:toluene (80:20 v/v) in
amber glass vials with 250 mL inserts. Aliquots of 5 ng of each BDE-
37, BDE-77 and 13C-BDE-138 were spiked into ﬁnal extracts to be
used as recovery internal standards for determination of surrogate
standard recovery.
2.4. Instrumental analysis
Instrumental parameters used for analysis have been detailed by
McGrath et al. [38]. Brieﬂy, NBFR analysis was performed using an
Agilent 7000C gas chromatograph (DB-5MS column;
15 m ! 0.180 mm internal diameter, 0.18 mm ﬁlm thickness)
coupled to a triple quadrupole mass spectrometer (GC-MS/MS)
operated in electron ionization (EI) mode. Helium was used as the
carrier gas while the temperature of the transfer line, ion source
and quadrupoles were 325 #C, 280 #C and 150 #C, respectively. GC-
MS/MS acquisition parameters are listed in Table S3. Target com-
pounds were monitored according to retention time and two ion
transitions and quantiﬁed using Agilent MassHunter analysis soft-
ware (v. B.06.00).
2.5. Quantitation and QA/QC
Analytes were considered detected when the signal to noise
ratio (S/N) in the quantitative ion transition exceeded three and the
GC retention time was within ±5% of those in standards. Analytes
were only quantiﬁed when the S/N ratio exceeded 10 in the
quantitation transition, three in the qualitative transition and the
ratio between the two monitored transitions was within ±20% of
those measured in calibration standards. Method detection limits
(MDLs) and method quantiﬁcation limits (MQLs) were deﬁned as
the analyte concentration in soil corresponding to the lowest cali-
bration point to meet analytical detection and quantitation criteria,
respectively (Table S4). Analytes were quantiﬁed by isotope dilu-
tion according to the closest eluting surrogate standard (Table S4)
using a ﬁve-point calibration containing all target analytes and
internal standards. Linear regression lines ﬁt the calibration curves
with R2 > 0.999 for PBT, PBEB, HBB and EH-TBB while BTBPE had
R2 > 0.994. QA/QC spiking tests revealed that internal standard
quantiﬁcation of DBDPE using 13C-BDE-209 resulted in an over-
estimation of DBDPE concentrations. DBDPE was, therefore, quan-
tiﬁed in all soil and QA/QC samples by external calibration
according to peak area response. Calibration curves produced by
this method were best ﬁt by a quadratic regression model, which
achieved R2 > 0.999. QA/QC measures showed this protocol to be
acceptably accurate and precise, as detailed below. 13C-BDE-209
was retained in the method as an indicator of DBDPE extraction
efﬁciency. The concentration of HBB exceeded the upper calibration
range (1000 ng/mL) in one of the soil sample extracts (Sample 24).
In this instance, the extract was diluted in surrogate internal
standard at the initial spike concentration, reanalyzed and then
quantiﬁed by the same protocol as original extracts.
A set of three method QA/QCs consisting of a method blank, LCS
and matrix spike were analysed with every eight soil samples. Each
QA/QC sample underwent the same preparation, extraction and
analysis processes as the soil samples. HBB was detected in each
method blank (n ¼ 4) at trace levels, while no other compounds
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were detected in any blanks. The MDL and MQL for HBB were set to
meet 95% and 99% conﬁdence intervals, respectively, above the
mean concentration detected in blanks. Blank corrections were,
therefore, not performed. Field blanks (n ¼ 3) showed that no
introduction of contamination occurred via the sampling methods.
Matrix spikes and LCSs were spiked with 10 ng of PBT, PBEB and
HBB, 20 ng of EH-TBB and BTBPE, and 200 ng of DBDPE in order to
assess accuracy and precision of the method. Mean ± %RSD re-
coveries of PBT, PBEB, HBB, EH-TBB, BTBPE and DBDPE were 102
± 6%, 101 ± 5%, 104 ± 2%, 75 ± 22%, 135 ± 15% and 81 ± 22%,
respectively, in the LCSs, and 85 ± 4%, 96 ± 10%, 90 ± 8%, 82± 27%,
131± 12% and 86± 11%, respectively, in the matrix spikes. The
current method provided excellent accuracy and precision for PBT,
PBEB and HBBwhile quantitation of EH-TBB, BTBPE and DBDPE was
subject to greater variability, reﬂecting the well documented
analytical challenges associated with these compounds [25,38].
Surrogate performance of 13C-BDE-47, 13C-BDE-99, 13C-BDE-153
and 13C-BDE-209 met the limits described by USEPA Method 1614
for PBDE quantitation [39] with mean ± %RSD recoveries of 104
± 9%, 95 ± 14%, 99 ± 14% and 107 ± 32%, respectively.
2.6. Statistical analysis
Statistical analyses were performed in Microsoft Excel and
Minitab 17. Mean, median and standard deviation have been
calculated only where a minimum of three values are available. All
concentrations reported to be below <MQL were assigned a value
of half the MQL in statistical calculations, while results which were
<MDL, reported as not detected (nd), were assigned a value of zero.
Pearson correlation analyses were performed using a 95% conﬁ-
dence interval and only included sites where both PBDEs and
NBFRs were detected.
3. Results and discussion
NBFR concentrations in soil samples are shown Fig. 2 and
summarized in Table 2. PBT, HBB, EH-TBB, BTBPE and DBDPE were
each detected in Melbourne soils with a summed total range of nd-
385 ng/g dw. Overall, 24 of the 30 soil samples contained at least
one of the NBFRs, while HBB was the most frequently detected
compound (14 samples), followed by BTBPE (13 samples), and
DBDPE (9 samples). PBT was detected in seven samples, albeit at
very low levels, and EH-TBB was detected in only one sample. PBEB
was not identiﬁed in any of the samples analysed. As such, S5NBFR
refers to the sum of PBT, HBB, EH-TBB, BTBPE and DBDPE concen-
trations. Individual sample concentrations are reported in Table S5.
3.1. Manufacturing sites
NBFRs were detected in 16 of the 18 manufacturing soil samples
with a mean S5NBFR concentration of 36.0 ng/g dw and range of
nd-385 ng/g dw. DBDPE was detected in six samples and contrib-
uted some of the highest concentrations to overall contamination
levels. This reﬂects the fact that international estimates of pro-
duction and demand for DBDPE make it likely to be the most
commercially prevalent of the NBFRs measured in this study
[2,40,41]. DBDPE has been produced as a ﬂame retardant since the
1990's [42] and is among the most broadly applied of the NBFRs,
used in materials like plastics, polyesters, nitrile rubbers, adhesives
and textiles [1,2,26]. The presence of DBDPE in the soils of
manufacturing areas in the city of Melbourne appears to reﬂect its
uptake as a replacement ﬂame retardant for the banned Deca-BDE
Fig. 1. Map of soil sample locations showing 1) Australia, 2) the State of Victoria and, 3) the City of Melbourne. WI ¼ waste incinerator, ER ¼ electronics waste recycling and
DD ¼ domestic dumpsite.
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commercial products. The greatest concentration recorded in
manufacturing soils, and indeed all soils, occurred at Site 14, where
DBDPEmeasured 384 ng/g dw. The industry at Site 14 specializes in
ﬂexible insulation foams for hot and cold water piping and offers a
number of products formulated to meet stringent ﬁre safety stan-
dards regarding construction of commercial and multi-residential
buildings. DBDPE has been determined in such piping insulation
materials by Kierkegaard et al. [42] with an estimated concentra-
tion of 4.8 mg/g. A measurement of 59.9 ng/g dw DBDPE in the soil
of Site 17, where architectural panels are fabricated, may further
indicate that DBDPE is being utilized to meet building ﬂammability
standards in construction materials manufactured in Melbourne.
There are few studies investigating the environmental release of
DBDPE speciﬁcally from manufacturing industries. Soil samples
(n ¼ 81) from two large-scale BFR-manufacturing plants in Shan-
dong Province, China, measured mean concentrations of 1200 ng/g
dw (range 12-9000 ng/g dw) and 810 ng/g dw (range nd-4600),
respectively [43]. As was observed in the present study, Li, et al.
[43] reported DBDPE concentrations to generally be three to four
orders of magnitude greater than those of PBT, PBEB and HBB. Li
et al. [43] also observed that the concentrations of NBFRs in soils
decreased exponentially within 3e5 km from the manufacturing
source, more notably for DBDPE than themonoaromatic NBFRs. In a
separate study, Li, et al. [44] determined the total air concentrations
of DBDPE at manufacturing sites to be 85e96% particulate-
associated while PBT, PBEB and HBB were present mostly in
gaseous phase. A number of studies have described preferential
atmospheric deposition of particulate-bound organohalogen con-
taminants [45e47]. To some extent, elevated DBDPE levels in soil
may have been enhanced by the propensity for particles to deposit
closer to point-sources, while gas-phase contaminants are trans-
ported further before deposition, thus becoming diluted within the
air column.
BTBPE levels in manufacturing soils were generally lower than
those of DBDPE, with a mean concentration of 6.86 ng/g dw and
range of nd-63.8 ng/g dw. BTBPE was, however detected in a
number of samples where DBDPE was not present, including sub-
stantial measurements of 45.9 ng/g dw and 63.8 ng/g dw at Sites 3
and 13, respectively. Both of these locations comprise large-scale
manufacturers that produced a wide range of raw engineering
polymers. BTBPE is mostly utilized in materials like acrylonitrile
butadiene styrene (ABS), high impact polystyrene (HIPS) and resins
[1,2,26], each of which are produced at these sites. These ﬁndings
suggest the application of BTBPE in Melbourne manufacturing of
hard plastics to replace the banned Penta- and Octa-BDE formula-
tions. Data regarding present day demand for BTBPE is not avail-
able, though high rates of use in Japan and the USA through the
1980's and 1990's have been described [28,48,49].
Soil samples measured from a transect through the Chinese city
and industrial centre of Harbin contained BTBPE levels no higher
than 0.0336 ng/g dw [50]. No BTBPE was detected in any soil
samples from similar transects through the cities of Stockholm,
Sweden [16] and Birmingham, England [36], respectively. Although
BTBPE was analysed in matched atmospheric samples from both
Birmingham and Stockholm, it was only detected in Stockholm,
with a detection frequency of 33% and maximum concentration of
0.26 pg/m3 [16]. A number of studies, however, have recorded
BTBPE in atmospheric samples which reveal population centres to
be general emission sources [30,51].
HBB was detected at eight manufacturing sites with a mean
concentration of 0.12 ng/g dw and range of nd-1.37 ng/g dw, while
PBT was detected at <MQL at just three sites. HBB and PBT are each
additive ﬂame retardants with a range of material applications such
as plastics, textiles and polyurethane foams [1,25]. Like DBDPE, HBB
was detected at all three sites associated with building material
fabrication (Sites 7, 14 and 17) to infer that it too is employed in
Fig. 2. Concentrations of NBFRs in soil samples (ng/g dw). WI ¼ waste incinerator, ER ¼ electronic waste recycling, DD ¼ domestic dumpsite, R ¼ residential, UP ¼ urban parkland
and B ¼ background.
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construction materials. Japanese production of HBB was estimated
to be 350 t/y throughout 1994e2001 [49] while the Chinese Shou
Guang Longfa Chemical Company reportedly manufactured 600 t/y
of each HBB and PBT in 2011 [25]. PBT production was estimated to
be between 1000 and 5000 t/y in 1997 by WHO [1] but was clas-
siﬁed as “low volume” in the EU during 2010 [25]. There is currently
no information available regarding volumes HBB in Europe or of
either ﬂame retardant in the USA.
Experimental evidence has shown that pelletized ﬂame
retarded oligomer stocks designed for use in thermoplastic poly-
esters and nylon manufacture released PBT at a rate of
2480 ± 500 ng/g per hour at room temperature [19]. Emission rates
increased up to 42,400 ± 4700 ng/g per hour at temperatures of
100 !C for PBT and 120 ± 10 ng/g per hour at 50 !C for HBB. This
evidence indicates a high potential for environmental release of
these compounds during compounding of thermoset plastics, and
also during storage at ambient temperatures.
The concentrations of HBB measured in soils around two BFR-
manufacturing plants in Shangdong Province, China were of a
similar order to the levels in the present study, with mean levels of
0.89 ng/g dw (range; nd-17 ng/g dw) and 0.31 ng/g dw (range; nd-
2.0 ng/g dw), respectively [43]. Mean PBT soil concentrations at the
two Chinese locations were somewhat higher than in Melbourne's
soils, however, measuring 4.9 ng/g dw (range; nd-190 ng/g dw) and
1.3 ng/g dw (range; nd-8.6 ng/g dw), respectively. Concentrations of
HBB (mean; 3.4 ng/g dw, range; <reporting level-720 ng/g dw) in
the soils of the Pearl River Delta, China, were somewhat higher than
those of the present study, and were observed to correlate with
population density and level of urbanization [52]. The concentra-
tions of HBB and PBT reported by Newton et al. [16] in the soils of
Stockholm, Sweden, were similarly low to those of manufacturing
sites in the present study, ranging <0.00079e6.1 ng/g organic
matter (om) and <0.0085e0.018 ng/g om, respectively.
EH-TBB and PBEBwere not detected in any of the manufacturing
soils.
3.2. Waste disposal sites
NBFRs were detected in the soils of all six of the waste disposal
sites. The S5NBFR mean concentration at waste disposal sites,
83.6 ng/g dw (range; 0.34e320 ng/g dw) was the highest of the
land-use categories. Electronic waste recycling facilities appear to
be substantial contributors to NBFR soil contaminationwith Site 22,
in particular, recording a S5NBFR concentration of 320 ng/g dw. Site
22 was the only soil sample to contain ﬁve NBFRs, and was the only
location where EH-TBB was detected amongst the 30 samples.
Australia was estimated to have produced approximately 410,000 t
of electronic waste per year in 2005 [53]. Input wastes at electronic
waste recycling plants typically contain a high proportion (~80%) of
ﬂame retarded goods [54]. DBDPE and BTBPE have been identiﬁed
as constituents in a variety of raw plastic materials and electrical
and electronics equipment at concentrations typically in the mg/g to
mg/g concentration ranges [55e57]. HBB, PBT and PBEB have also
been shown to be present in the raw brominated oligomers used to
produce polybutylene terephthalate, a thermoplastic common in
electronics devices [19]. The role of electronic waste recycling as a
Table 2
Summary of NBFR concentrations in soil (ng/g dw) by land-use category.
Compound Manufacture Waste disposal Non-industrial Total
(n ¼ 18) (n ¼ 6) (n ¼ 6) (n ¼ 30)
PBT Mean <MQL 0.03 <MQL <MQL
Median nd 0.01 nd nd
Min nd nd nd nd
Max <MQL 0.10 <MQL 0.10
Det 3 2 2 7
HBB Mean 0.12 17.2 <MQL 3.52
Median nd 0.25 nd nd
Min nd nd nd nd
Max 1.37 90.9 <MQL 90.9
Det 8 5 1 14
EH-TBB Mean e 0.30 e <MQL
Median nd nd nd nd
Min nd nd nd nd
Max nd 1.79 nd 1.79
Det 0 1 0 1
BTBPE Mean 6.86 3.35 e 4.79
Median <MQL 0.71 nd nd
Min nd nd nd nd
Max 63.8 11.4 nd 63.8
Det 10 3 0 13
DBDPE Mean 29.0 62.7 e 30.0
Median nd 4.17 nd nd
Min nd nd nd nd
Max 384 295 nd 384
Det 6 3 0 9
S5NBFRs Mean 36.0 83.6 <MQL 38.3
Median 1.56 44.3 nd 0.88
Min nd 0.34 nd nd
Max 385 320 0.04 385
Det 16 6 2 24
Measurements of <MQL have been assigned a value of half MQL and non-detects have been assigned a value of zero in statistical calculations. Mean concentrations have not
been calculated for land-use categories inwhich detection frequency was zero. S5NBFRs refers to the summed concentration of PBT, HBB, EH-TBB, BTBPE and DBDPE. PBEBwas
not detected in any samples.
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major source of PBDEs to the environment has been well estab-
lished [58e61]. High concentrations of NBFRs have also been
recorded in dust and air of e-waste recycling facilities [14,62]. Tian
et al. [21] measured the atmospheric deposition of DBDPE in an
electronic waste recycling area in the Pearl River Delta region of
China to be 9780 ng/m2 per year, while BTBPE, HBB, PBT and PBEB
were each found to have considerably lower rates of deposition
ﬂux. Soil sampled from close to an e-waste recycling area in
Northern China (n ¼ 5) contained similar concentrations of DBDPE
to the levels to those of the current study, ranging 0.03e173 ng/g
[35]. Another Chinese study investigating NBFR transfer from e-
waste recycling activities to nearby farmland soils in Guangdong
Province (n ¼ 4), however, determined only low levels of BTBPE
(0.07e6.19 ng/g dw) and DBDPE (<2.50e4.56 ng/g dw) [29].
Interestingly, HBB was the most prevalent NBFR at domestic
dumpsites by a substantial margin. The measurement of 90.9 ng/g
dw at Site 24 was signiﬁcantly higher than all other measurements
of HBB across the study sites, which may indicate that a speciﬁc
point-source exists at this location. Although HBB has not been
studied at similar land-uses previously, BTBPE was identiﬁed on
municipal dumpsites in Surabaya City, Indonesia ranging
0.027e0.15 ng/g dw [37].
Only low levels of HBB and DBDPE were detected in soils near
waste incinerators. It is possible that very high temperatures
involved inwaste incineration degrade NBFRs such that emission of
parent structures areminimal [63]. On the other hand, experiments
by Liu et al. [64] observed that certain pyrolysis techniques may
retain brominated compounds, including DBDPE, in the char res-
idue for solid disposal or reclamation.
In general, the relative abundances of NBFRs measured at waste
disposal sites in Melbourne show a broad similarity to compound
compositions in waste from other studies [14,21,37,62]. This may
provide evidence that the replacement NBFRs present in Australian
consumer goods are similar to those being utilized internationally.
However, there are few studies for comparison to draw strong
conclusions.
3.3. Non-industrial sites
No NBFRs were measured at quantiﬁable levels in any of the
non-industrial sampling sites. HBB and PBT were both detected in
one of the background samples while PBT was also identiﬁed in one
residential sample. The low detection of NBFRs in soils among non-
industrial sites supports the conclusion that manufacturing and
waste disposal processes are responsible for the contamination
observed in proximity to these industries. Further research is
required to determine whether the low levels of NBFRs detected in
Melbourne's non-industrial soils are due to atmospheric transport
from industrial emissions or speciﬁc onsite sources such as outdoor
furniture or building materials. Monoaromatic NBFRs like HBB, PBT
and PBEB are likely to have a higher potential for atmospheric
transport than other NBFRs due to lower molecular weights and
higher vapour pressures [25], with software calculations predicting
HBB to be transported 7e8 times further than BTBPE, for example
[65]. HBB and PBT have each been detected at low levels in urban
background soils from Stockholm, Sweden [16], while HBB
measured a range of nd-0.34 ng/g dw in forest soils of China [34].
Heavier NBFRs such as DBDPE and BTBPE were, however, also
measured in forest soils by Zheng et al. [34] and have been detected
at low levels in rural soils of Indonesia [37]. This may indicate that
transfer of NBFRs to background soils in Melbourne is a potential
consequence of ongoing or increased industrial use of these
compounds.
3.4. Correlations with PBDEs
As part of a previous study [61], eight PBDE congeners
(BDEs "28, "47, "99, "100, "153, "154, "183 and "209) were
analysed in all 30 samples of the current study to assess the im-
plications of the Australian National Environment Protection
Councils (NEPC) soil contamination guidelines [66]. The NEPC's
Assessment of Site Contamination Measure of 1999 was amended
in 2013 to introduce a health investigation level (HIL) for all 208
lower PBDE congeners (excluding BDE-209) in soil. PBDEs were
detected in 29 of the 30 soil samples with S8PBDEs measuring
higher than S5NBFR levels in all but three samples. The S7PBDE
concentrations (excluding BDE-209), which represent the NEPC
regulated congeners analysed by McGrath et al. [61], exceeded
those of S5NBFR at all of the non-industrial sites, but only around
half of the industrial locations. This indicates that the potential for
NBFRs to contaminate the soils of industrial sites within the city of
Melbourne could be comparable to the impact represented by PBDE
congeners deemed to be a health risk by Australia's NEPC [66].
Many of the NBFRs discussed in the current study are being
marketed and implemented as direct replacements for the com-
mercial Penta-BDE, Octa-BDE and Deca-BDE products represented
by these PBDE congeners. Given the analogous physicochemical
properties of NBFRs to the PBDEs they replace, similar potential for
environmental contamination might be expected. Correlation
analysis was also performed between concentrations of S8PBDEs
and S5NBFR in soil to evaluate potential shared sources (Fig. 3). No
association was determined between S8PBDEs and S5NBFR con-
centrations in the soils of manufacturing sites (R2 ¼ 0.011,
p ¼ 0.676), while a signiﬁcant positive correlation was observed at
waste disposal sites (R2¼ 0.934, p¼ 0.002). It could be rationalized
that although individual manufacturing facilities inMelbournemay
have been a source of both PBDEs and NBFRs over time, a switch
from the former products to the latter replacements might mean
that emissions of the two classes did not occur concurrently. Indeed
Stapleton et al. [7] found the detection rate of Penta-BDE in couches
purchased in the USA before and after PBDE bans were 39% and 2%,
respectively. Detection of the FM550 ﬂame retardant product (of
which EH-TBB is a constituent) rose from 5% to 18% over the same
period. Conversely, as NBFRs have become more common in con-
sumer goods throughout the previous decade, feedstocks to waste
processing industries are likely to contain a mixture of older
products predominated by PBDE-infused materials and newer
items containing NBFRs. Post-processing e-waste samples (n ¼ 2)
were found to contain similar proportions of BTBPE to the com-
mercial PBDE components by Ballesteros-G!omez et al. [55] while
samples from a scrap metal reclamation plant, which uses shred-
ding and pyrolysis techniques, identiﬁed BTBPE, HBB and PBEB in
conjunction with PBDEs in waste residues [67].
4. Conclusion
Soil contamination by six NBFRs has been assessed for the ﬁrst
time at a variety of manufacturing, waste disposal and non-
industrial sites in the city of Melbourne, Australia. DBDPE, BTBPE,
EH-TBB, HBB and PBT were each detected in at least one soil sample
while PBEB was not present at any sites. Electronics recycling fa-
cilities and polymer manufacturing industries appeared to be the
greatest potential sources of NBFRs to Melbourne's soil, while
minimal impacts were observed at non-industrial sites. Although
few sources are available for comparison, the concentrations of
most NBFRs in this study were lower than those of highly indus-
trialized areas in China, but broadly resembled those in Sweden,
the UK and Indonesia. A signiﬁcant positive correlation between
S8PBDEs and S5NBFR soil concentrations was observed at waste
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disposal sites to indicate that waste streams in the City of Mel-
bourne are likely to contain a mixture of the legacy and replace-
ment BFRs. A lack of association between PBDEs and NBFR among
manufacturing sites, however, suggests that the two BFR classes are
not being used simultaneously in Melbourne's manufacturing in-
dustries. This research provides the ﬁrst account of NBFRs in
Australian soils and indicates that these emerging contaminants
possess a similar potential to contaminate Melbourne soils as
PBDEs.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.emcon.2017.01.002.
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Table S1. Analytical standard information.   
Abbreviation Chemical Name Conc. 
(µg/mL) 
Category Manufacturer 
PBT 2,3,4,5,6-pentabromotoluene 100 Native Accustandard 
PBEB 2,3,4,5,6-pentabromoethylbenzene 100 Native Accustandard 
HBB hexabromobenzene 100 Native Accustandard 
EH-TBB 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 100 Native Accustandard 
BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane 100 Native Accustandard 
DBDPE decabromodiphenylethane 100 Native Accustandard 
13C-BDE-47 2,2′,4,4′-Tetrabromo[13C12]diphenyl ether  50 ± 2.5 Surrogate IS Wellington 
13C-BDE-99 2,2′,4,4′,5-Pentabromo[13C12]diphenyl ether 50 ± 2.5 Surrogate IS Wellington 
13C-BDE-153 2,2′,4,4′,5,5′-Hexabromo[13C12]diphenyl ether 50 ± 2.5 Surrogate IS Wellington 
13C-BDE-209 Decabromo[13C12]diphenyl ether 25 ± 1.2 Surrogate IS Wellington 
BDE-37 3,4,4′-Tribromodiphenyl ether 50.10 Recovery IS Accustandard 
BDE-77 3,3′,4,4′-Tetrabromodiphenyl ether 49.60 Recovery IS Accustandard 
13C-BDE-138 2,2′,3,4,4′,5′-Hexabromo[13C12]diphenyl ether  2 Recovery IS Wellington 
Isotopic purity ³99% in all [13C12] mass-labeled standards. 
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Table S2. Description of sampling locations. 
Sample  Description of Site 
1 Large scale manufacture of a wide range of advanced polymeric materials, adhesives, coatings etc. 
2 Large scale manufacture of a wide range of advanced polymeric materials, adhesives, coatings etc. 
3 Large scale manufacture of a wide range of materials.  
4 Large scale manufacture of a wide range of materials. 
5 Manufacture of coating resins for a range of end product uses. 
6 Manufacture of thermoplastic polyurethanes and urethane adhesives. 
7 Manufacture of composite materials for construction, insulation etc. 
8 Manufacture of plastic windows and doors for boats, trailers and vehicles. 
9 Thermoplastic sheet and profile extrusion. 
10 Thermoplastic extrusion. 
11 Machining and fabrication of a range of polymeric materials. 
12 Manufacture and molding of expanded polystyrene products. 
13 Compounding and extrusion of engineering polymers 
14 Manufacture of flexible insulation foams for mechanical equipment, plumbing, construction etc. 
15 Manufacture of expanded polystyrene products for construction and engineering. 
16 Manufacture of expanded polystyrene for packaging as well as injection molding of plastics. 
17 Manufacture of insulated architectural panels for building and construction . 
18 Manufacture of urethane and particle foam for use in automobiles. 
19 Incineration of medical clinic wastes. 
20 Incineration of medical clinic waste. 
21 Electrical and electronic waste recycling. 
22 Electrical and electronic waste recycling. 
23 Large dumpsite containing mixed domestic wastes 
24 Small dumpsite containing mixed domestic wastes 
25 Backyard of residential property 
26 Backyard of residential property 
27 Urban park of inner city suburb 
28 Urban park of inner city suburb 
29 Grounds of university campus in outer suburbs 
30 Forested area at edge of city 
Descriptions of manufacturing sites (Samples 1-18) have been derived from information published on individual company 
websites. Identification of exact products and processes at each site was not always possible due to inconsistent polymer 
naming conventions and a general lack of specific detail.  
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Table S3. GC-(EI)-MS/MS acquisition parameters and quantitation parameters. 
  Quantitation Transition Confirmation Transition 
Compound RT (min) T1 (m/z) Dwell 
(ms) 
CE  
(eV) 
T2 (m/z) Dwell 
(ms) 
CE 
(eV) 
PBT 5.76 485.5 ® 247.0 10 20 485.5 ® 326.0 10 20 
BDE-37 (RS) 5.88 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
PBEB 5.89 499.7 ® 484.6 10 20 499.7 ® 420.5 10 20 
HBB 6.26 552.0 ® 391.8 10 25 549.5 ® 389.7 15 25 
13C-BDE-47 (SS) 6.39 497.7 ® 338.0 12 25 495.7 ® 336.1 12 45 
BDE-77 (RS) 6.65 486.0 ® 326.0 10 45 326.0 ® 138.0 10 20 
EH-TBB 7.02 420.5 ® 233.0 10 30 420.5 ® 311.5 10 30 
13C-BDE-99 (SS) 7.02 577.7 ® 417.8 10 40 417.3 ® 309.0 13 55 
13C-BDE-153 (SS) 7.62 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
13C-BDE-138 (RS) 7.89 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
BTBPE 8.34 356.5 ® 118.0 16 40 356.5 ® 90.0 16 60 
13C-BDE-209 (SS) 11.56 811.8 ® 651.4 61 55 809.7 ® 649.5 57 55 
DBDPE 12.96 484.5 ® 324.5 113 25 484.5 ® 403.5 136 55 
SS= Internal surrogate standard, RS= internal recovery standard, CE= collision energy.  
 
 
 
 
 
 
 
 
Table S4. Analytical detection and quantitation limits. 
Compound Quantitation SS IQL (ng/mL) IDL (ng/mL) MQL (ng/g) MDL (ng/g) 
PBT 13C-BDE-47 1.00 0.30 0.03 0.01 
PBEB 13C-BDE-47 1.00 0.30 0.03 0.01 
HBB 13C-BDE-47 1.00 0.30 0.03 0.03 
EH-TBB 13C-BDE-99 2.00 0.60 0.07 0.02 
BTBPE 13C-BDE-153 2.00 0.60 0.07 0.02 
DBDPE N/A 500 150 16.7 5.00 
IQL= instrument quantitation limit, IDL= instrument detection limit, MQL= method quantitation limit, MDL= method detection limit. 
SS= internal surrogate standard. 
N/A= not applicable, no internal standard used for quantitation. 
 
 
 
 
 
Em. Contam. 2017 SI - Page 3
McGrath, T.J. Doctoral Thesis 2018
Page 78
  
Table S5. NBFR concentrations in soil samples (ng/g dw) 
Land-use Category Sample PBT PBEB HBB EH-TBB BTBPE DBDPE 
Manufacturing  1 nd nd 0.05 nd nd nd 
  2 nd nd nd nd nd <MQL 
  3 nd nd nd nd 45.9 nd 
  4 nd nd 1.37 nd <MQL nd 
  5 nd nd nd nd nd nd 
  6 nd nd nd nd 1.71 nd 
  7 <MQL nd 0.10 nd 2.64 <MQL 
  8 nd nd <MQL nd nd nd 
  9 <MQL nd <MQL nd nd nd 
  10 <MQL nd nd nd nd nd 
  11 nd nd <MQL nd nd nd 
  12 nd nd nd nd nd nd 
  13 nd nd nd nd 63.8 nd 
  14 nd nd 0.57 nd <MQL 384 
  15 nd nd nd nd <MQL <MQL 
  16 nd nd nd nd <MQL nd 
  17 nd nd <MQL nd <MQL 59.9 
  18 nd nd nd nd 9.24 53.6 
Waste Disposal WI 19 nd nd 0.34 nd nd nd 
  20 nd nd nd nd nd <MQL 
 ER 21 nd nd 0.16 nd 7.28 72.9 
  22 0.10 nd 11.8 1.79 11.4 295 
 DD 23 <MQL nd 0.05 nd 1.43 nd 
  24 nd nd 90.9 nd nd nd 
Non-Industrial R 25 nd nd nd nd nd nd 
  26 <MQL nd nd nd nd nd 
 UP 27 nd nd nd nd nd nd 
  28 nd nd nd nd nd nd 
 B 29 <MQL nd <MQL nd nd nd 
  30 nd nd nd nd nd nd 
nd= not detected (<MDL), MQL= method quantitation limit, WI= waste incinerator, ER= electronic waste recycling, DD= domestic 
dumpsite, R= residential, UP= urban parkland and B= background. 
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Preface 
The results of Chapter 4 show PBDE contamination to be widespread in surface soils of the city of 
Melbourne, Australia, including industrial locations as well as residential and parkland samples.  
While waste disposal and polymer manufacturing industries were identified as sources of PBDEs to 
soils, the greatest contamination was observed at e-waste recycling facilities. An assessment of NBFR 
levels in the same samples (detailed in Chapter 5) revealed similar industrial source profiles, with e-
waste recycling again identified as a strong source to soils.  
The Victorian State Government has acknowledged e-waste as one of the country’s fastest 
growing waste-streams, and committed to diverting all e-wastes to recycling programs by mid-2018 
(DELWP, 2018). In June 2017 the Environment Protection Authority of the Australian State of Victoria 
(EPA Victoria) introduced mandatory licenses for all e-waste recyclers processing more than 500 t/y 
(EPA, 2017). The new regulations stipulate that waste must not be emitted or deposited beyond the 
property boundaries or cause detrimental effects to persons or property around the premises. 
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 (EPA, 2017). The new regulations stipulate that waste must not be emitted or deposited beyond the 
property boundaries or cause detrimental effects to persons or property around the premises. 
This chapter describes a comprehensive investigation of the magnitude and extent of PBDE and 
NBFR contamination in the surface soils surrounding the two electronic waste recycling facilities 
from which single samples were analysed in Chapters 4 and 5. 
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ABSTRACT: Informal recycling of electronic waste (e-
waste) has been shown to cause signiﬁcant brominated
ﬂame retardant (BFR) contamination of surrounding soils in a
number of Asian and West African countries. However, to the
authors’ knowledge, there have been no published studies
demonstrating polybrominated diphenyl ether (PBDE) and
novel brominated ﬂame retardant (NBFR) soil contamination
from regulated “formal” e-waste processing facilities in
developed countries. This study reports on PBDEs (-28, -47,
-99, -100, -153, -154, -183, and -209) and NBFRs (PBT,
PBEB, HBB, EH-TBB, BTBPE and DBDPE) in 36 soil
samples surrounding two Australian e-waste recycling plants
and a further eight reference soils. Overall ∑PBDE
concentrations ranged 0.10−98 000 ng/g dw (median; 92
ng/g dw) and ∑NBFRs ranged ND-37 000 ng/g dw (median 2.0 ng/g dw). Concentrations in soils were found to be
signiﬁcantly negatively associated with distance from one of the e-waste facilities for ∑penta-BDEs, BDE-183, BDE-209, and
∑NBFR compound groups. ANOVA tests further illustrated the potential for e-waste recycling to signiﬁcantly elevate
concentrations of some BFRs in soils over distances up to 900 m compared to references sites. This study provides the ﬁrst
evidence of soil contamination with PBDEs and NBFRs originating from formal e-waste recycling facilities in Australia, which
may have implications for e-waste recycling practices throughout the world.
1. INTRODUCTION
Generation of electronic and electrical waste (e-waste) has
become a growing environmental concern in recent times as
goods have become cheaper and product life-spans decreased.
While governments around the world strive to divert waste
streams from landﬁll, the emission of toxic substances inherent
in electronics such as brominated ﬂame retardants (BFRs) or
heavy metals may be accelerated by certain recycling
techniques.1−3 Polybrominated diphenyl ethers (PBDEs) are
a class of BFRs that have been used in printed circuit boards,
wiring and outer casings of electronic equipment since the
1970s4 and are now ubiquitously detected throughout the
global environment.5 As semivolatile compounds which are not
chemically bonded within polymers,6 PBDEs have been
observed to separate from treated products during storage,
dismantling and recycling of e-wastes.1−3 PBDEs may be
released atmospherically or in the organic phase of leachates1
after which they undergo deposition to soils and sediments.7−9
Accumulation of PBDEs in biota and transfer through food
webs, including human populations, is also well docu-
mented.10−12 PBDEs have been shown to interfere with
endocrine systems including eﬀects to both reproductive and
thyroid hormone regulation.13,14 Reduced sperm mobility in
men,15 decreased birthweights16 and impacts to the age of
puberty onset in boys and girls17 are among the potential
human health consequences of PBDE exposure. Mounting
environmental and health concerns have led to bans and
withdrawals of the major commercial PBDE formulas penta-,
octa-, and deca-BDE in many Western nations18−22 and the
compounds present in these products have each been
registered as persistent organic pollutants (POPs) under the
United Nations Stockholm Convention.23,24
In order to meet governmental ﬂammability standards
imposed on electronic and electrical goods, manufacturers
have substituted PBDEs with a range of diﬀerent ﬂame
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retardants, including a group of compounds referred to as
“novel” BFRs (NBFRs). Decabromodiphenylethane
(DBDPE), 1,2-bis(2,4,6- tribromophenoxy)ethane (BTBPE)
and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) are
among the most prevalent NBFRs and are utilized as direct
replacements for deca-BDE, octa-BDE and penta-BDE
formulas, respectively.25 Pentabromotoluene (PBT), pentab-
romoethylbenzene (PBEB) and hexabromobenzene (HBB) are
used in a range of products which include the circuitry and
hard plastics of electronic goods.25 These compounds are
structurally similar to PBDEs and share the semivolatile and
lipophilic chemical properties of their predecessors. Con-
sequently, NBFRs are being detected in environmental and
biotic matrices with increasing regularity.26,27 Similar endo-
crine disrupting toxicological end points have been observed in
a number of studies to indicate that NBFRs may present
similar health concerns as PBDEs.28−30 At present, however,
the legislative mechanisms which regulate and restrict the use
of PBDEs do not apply to the most common NBFRs.
The propensity for e-waste recycling activities to contam-
inate surrounding environments with BFRs has been
demonstrated repeatedly,5,31−33 with deposition to land
shown to occur most intensely close to sources. Developing
nations such as China, Nigeria, and Ghana have been the focus
of most studies investigating BFR land contamination from e-
waste recycling as these regions have historically been net
importers of used electronics from Western nations.34 Much of
the processing of e-waste in these regions is termed “informal”
recycling, and is conducted using crude techniques such as
acid-leaching or smoldering, which increase rates of BFR
emission to the environment and enhance human exposure
risks.35,36 Conversely, “formal” electronic waste recycling
occurs in both developed and developing countries and
involves a combination of manual and automated waste ﬂow
processes to dismantle and fractionate valuable components
before pelletizing bulk plastics.36 Formal operations are
typically operated indoors and under licenses that ensure
appropriate worker protections and environmental emission
safeguards.36
Global production of e-waste consisting of goods such as
computers, televisions and mobile phones was estimated to be
41.8 million metric t/y in 201437 and predicted to grow
exponentially.36,38 Australia was estimated to have produced
468 000 t of e-waste in 2014,37 while assessments based on
2005 data suggested that only approximately 1/4 of e-waste
generated was exported from the continent.34 To the authors’
knowledge, no published studies have sought to determine the
BFR land contamination potential of formal e-waste recycling
facilities in any Western country. The objective of this study is
to assess the magnitude and extent of PBDE and NBFR
contamination in the surface soils surrounding two electronic
waste recycling facilities in the City of Melbourne, Australia.
The spatial distribution of BFR contamination emanating from
e-waste facilities was also investigated with the aim of
determining the distance over which recycling activities may
aﬀect adjacent soils. Finally, an assessment of human exposure
via soil ingestion was performed in order to estimate the risks
associated with contamination of residential and recreational
land near e-waste facilities in Melbourne.
2. MATERIALS AND METHODS
2.1. Standards and Reagents. A mixed analytical
standard containing eight PBDE congeners (-28, -47, -99,
-100, -153, -154, -183, and -209) and individual solutions of
PBT, PBEB, HBB, EH-TBB, BTBPE, and DBDPE were
obtained from AccuStandard (New Haven, CT). Mass-labeled
surrogate internal standards 13C-BTBPE, 13C-BDE-47, 13C-
BDE-99, and 13C- BDE-153 were purchased from Wellington
Laboratories (Guelf, ONT, Canada) and 13C-BDE-209 from
Cambridge Isotope Laboratories (Andover, MA). Internal
recovery standard BDE-77 was from AccuStandard. A full list
of compound abbreviations is provided in Supporting
Information (SI) Table S1. Details regarding all solvents and
chromatographic sorbents used in extraction and analysis are
provided in SI Section S1).
2.2. Sampling and Extraction. A total of 44 surface soil
samples (0−100 mm depth) were collected from the vicinity of
two electronic waste recycling facilities in the City of
Melbourne, Australia in November 2017. The facilities,
designated as Site A and Site B are each located in the outer
suburbs >10 km from the central business district (CBD) of
Melbourne and >30 km from each other. The study locations
were selected on the basis that active processing of e-waste
occurs onsite at each and both are >3 km from other e-waste
recyclers. Both facilities are contained within property
boundaries <1.2 ha in area and are situated in industrial
zones adjacent to residential and/or recreational parkland
(details shown in SI Table S6). Each conducts dismantling,
crushing, and separating of e-wastes in large enclosed sheds
and has been observed to store unreﬁned electronics outdoors.
Site A and Site B facilities both process mixed electronics such
as televisions, printers, computers, and telephones and have
reported annual waste handling capacities of >1000 and >2000
t/y, respectively. Eighteen samples were taken in roughly
concentric circles centered on each of the facilities (A1−18,
B1−18) and a further eight samples were collected from inner-
city urban parkland >3 km from any e-waste recycling activity
to act as reference sites (R1−8). Reference sites were each
small parks surrounded by busy roadways, high density
housing and commercial zones such that BFR concentrations
in these samples should represent accumulation from diﬀuse
urban sources. Sample locations and details are presented in SI
Table S6 using relative terms to protect anonymity of the sites.
Samples were lyophylised, sieved to a ≤ 1 mm fraction,
homogenized by hand grinding and stored at −20 °C in
darkness until analysis. Extraction of target compounds was
performed by selective pressurized liquid extraction (S-PLE)
using a Dionex ASE-200 system according to previously
described methods39 (detailed in SI Section S2).
2.3. Instrumental Analysis and Quantitation. All target
compounds were quantiﬁed using an Agilent 7000C series gas
chromatograph-tandem mass spectrometer (GC-MS/MS)
operated in electron impact ionization (EI) mode using
methods described by McGrath et al.40 Analytes were resolved
on an Agilent DB5-MS ultrainert capillary column (15 m, 0.18
mm internal diameter, 0.18 μm ﬁlm thickness) following 2 μL
splitless injections using an Agilent 2 mm dimpled inlet liner.
The multimode injector was programmed to hold at 100 °C
for 0.2 min before ramping at 900 °C/min to 330 °C. The
oven temperature was programmed at 80 °C for 1 min before
an initial ramp of 37.5 °C/min to 230 °C followed by a ﬁnal
ramp of 30 °C/min to 325 °C. The ﬂow rate of the helium
carrier gas was 1.8 mL/min for 8.25 min and then increased at
100 mL/min to 4 mL/min. The mass spectrometer was set to
monitor two ion transitions per compound with the most
abundant used for quantitation and the remaining transition
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utilized for conﬁrmation (SI Table S2). Compounds were
considered detected in samples when retention time fell within
±5% of those in analytical standards, the ratios between
quantitative and conﬁrmation ion transitions were within
±20% of standards and signal-to-noise ratios (S/N) exceeded
3:1 for both transitions. Quantitation of detected analytes was
only carried out where the S/N exceeded 10 in the quantitative
transition. Mixed calibration standards were prepared in 1:4
toluene/iso-octane at a minimum of ﬁve concentrations per
compound and ﬁt linear regression lines with R2 > 0.99 for all
analytes (SI Table S3).
2.4. Quality Assurance and Quality Controls (QA/QC).
Accuracy and precision of the analytical method were assessed
by performing matrix spike (MS) and laboratory control
sample (LCS) tests for all compounds following the same
protocol used for sample extraction and quantitation. For the
MSs a reference soil containing low level contamination was
spiked with known masses of all analytes to result in a soil
concentration of 3.3 ng/g dw of BDEs -28, -47, -99, -100, -153,
-154, -183, PBT, PBEB, and HBB, 6.6 ng/g dw of EH-TBB and
BTBPE, 33 ng/g dw of BDE-209 and 66 ng/g dw DBDPE and
analyzed with every eight soil samples. LCSs were performed
in the same manner using 1 g of Hydromatrix sorbent as the
spiked medium. Mean recoveries from all MS and LCS
analyses ranged 83 to 119% and %RSD was below 20% for all
compounds, except EH-TBB (SI Table S4). EH-TBB was
recovered poorly but consistently, likely due to instability of
the compound in acidic cleanup steps. As such, EH-TBB has
not been quantiﬁed and is only reported as detected or not
detected herein. Concentrations in duplicate samples taken
from ﬁve of the sampling locations also showed good
agreement between analyses (SI Table S5). A method blank
was conducted with every eight samples by processing 3 g of
prefurnaced (500 °C), acid-washed sand according to the same
protocol as samples. Some compounds were detected at trace
levels well below the lowest calibration point and therefore
method detection and method quantitation limits (MDLs/
MQLs) were set to meet 95 and 99% conﬁdence intervals
above the levels in blanks. For compounds not detected in
blanks the MDLs and MQLs were set as the soil concentration
corresponding to the lowest calibration point to meet the
quantitation criteria described in Section 2.3. Analysis of ﬁve
ﬁeld blanks collected during soil sampling revealed that
sampling methods did not contribute any contamination.
Recovery of internal surrogate standards 13C-BDE-47, 13C-
BDE-99, 13C-BDE-153, 13C-BDE-209 and 13C-BTBPE from all
soil and QA/QC samples met the criteria described by the
USEPA’s Method 1614A41 with average (±standard deviation)
recoveries of 88 ± 11, 74 ± 19, 90 ± 17, 67 ± 41, and 118 ±
33%.
2.5. Statistical analysis. Statistical calculations were
performed using Microsoft Excel 2016 and Minitab 17.
Measurements reported as < MQL and ND were assigned
values of half MQL and zero, respectively, for basic statistical
calculations (mean, median, standard deviation and summed
categories) and half MQL and half MDL, respectively, for
regression, ANOVA and Spearman correlation tests. Concen-
trations of individual and summed compound groups for each
of the Site A, Site B and reference site categories were found to
ﬁt log-normal distribution and were therefore log10 trans-
formed prior to ANOVA analysis. ANOVA comparisons
between concentrations at diﬀerent distances from e-waste
sites (<300 m, 300−900 m, and >3 km) were performed using
Tukey’s simultaneous test for diﬀerences of means. A Grubbs’
test for outliers performed on the transformed data revealed
there to be no more than one outlier for concentrations of any
individual or summed compound group in any of the location
categories. All ANOVA results found to be statistically
signiﬁcant at the 95% conﬁdence level were recomputed with
Grubbs’ outliers removed and found to remain signiﬁcant at
this level. As such, all results are reported without the removal
of outliers. A conﬁdence level of 95% has been considered
signiﬁcant for all statistical tests and discussions of all statistical
results refer to concentrations in ng/g dw (not corrected for
organic matter) unless otherwise stated. Human exposure
assessments were performed by integrating the median and
95th percentile PBDE and NBFR concentrations measured in
soil at e-waste sites in Melbourne with recently estimated soil
ingestion rates42 according to methods described in Section S3.
∑Penta-BDE refers to the sum of commercial penta-BDE
congeners BDEs -47, -99, -100, -153, and -154, whereas
∑PBDEs refers to the sum of all eight measured PBDE
congeners. ∑NBFRs refers to the sum of PBT, PBEB, HBB,
BTBPE, and DBDPE.
3. RESULTS AND DISCUSSION
3.1. Concentrations and Compound Proﬁles. Summary
statistics for PBDE and NBFR concentrations in soil are
presented in Table 1 and individual sample concentrations are
shown in SI Tables S7−9. PBDEs were detected in all samples
with individual congener detection frequencies typically
exceeding 80% (68% for BDE-28). BDE-209 and BDE-99
were identiﬁed in all but one sample while hexa-BDEs -53 and
-154 were the next most prevalent, each present in 93% of
samples. Overall ∑PBDE concentrations ranged 0.10−98 000
ng/g (median; 92 ng/g). Levels of ∑penta-BDE, BDE-183,
and BDE-209 ranged 0.02−18 ng/g (median; 0.97 ng/g), ND-
23 ng/g (median; 0.37 ng/g) and ND-98 000 ng/g (median;
91 ng/g), respectively, to indicate PBDE contamination from
each of the penta-, octa-, and deca-BDE commercial
formulations. BDE-209 was the dominant PBDE congener in
soils with a mean contribution to ∑PBDE concentrations of
95%. Abundance of the other congeners were ordered BDE-99
> BDE-47 > BDE-183 > BDE-154 > BDE-153 = BDE-100 >
BDE-28 with average contributions of 2.6, 0.85, 0.54, 0.33,
0.15, 0.15, and 0.01%, respectively. BDE-209 typically
constitutes >60% of ∑PBDE concentrations in soils, interna-
tionally, and is regularly reported to exceed 90% relative
abundance.43 This reﬂects a much higher historical demand for
deca-BDE products than the octa- and penta-BDE counter-
parts44 and may also be symptomatic of delayed global
restrictions of BDE-209-containing formulas with respect to
the tetra-hepta-BDE technical mixtures.45
Median ∑PBDE concentrations in soils diﬀered little
between the Site A and Site B e-waste recycling locations, at
130 and 160 ng/g, respectively. Extreme concentrations of
BDE-209 were, however, more common in Site B soils with six
measurements of 1000 ng/g or higher and a maximum of
98 000 ng/g. The maximum level of BDE-209 determined in
Site A soils was 5000 ng/g with a next highest concentration of
510 ng/g. The median and range of concentrations of tri-
hepta-BDEs were very similar between the Site A and Site B
soils to indicate a comparable magnitude of contamination for
these congeners. PBDEs were present in all reference soils at
typically lower concentrations than those of e-waste sites with
∑PBDE concentrations ranging 0.10−44 ng/g (median; 21
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ng/g). Although median levels of ∑penta-BDEs were
analogous to those of the e-waste sites, median concentrations
of BDE-183 and BDE-209 were ∼3−11 and ∼6−8 times lower
in reference sites than e-waste areas, respectively. This
diﬀerentiation between congeners of diﬀerent masses may
have resulted from longitudinal fractionation during atmos-
pheric transport from e-waste facilities or other point sources
in Melbourne.32,46
To date, the majority of studies reporting ∑PBDE soil
contamination in the vicinity of e-waste recycling activities
originate from China, where informal processes like burning
and acid-leaching remain common.47,48∑PBDE levels ranging
191−9,160 ng/g47 and 13.9−13 300 ng/g48 outside Chinese
electronics dismantling workshops were broadly comparable to
those measured close (<300 m) to the e-waste sites of the
present study. Relatively low concentrations of ∑PBDEs
(including all relevant congeners) were reported in soil at an
Figure 1. Spatial distribution of PBDEs and NBFRs around electronic waste recycling facilities in Melbourne, Australia. Soil sample locations
relative to Site A and Site B electronic waste recycling facilities (represented by axis coordinates [0, 0]) are shown in left ﬁgures and BFR
concentrations (ng/g dw) grouped according to distance from respective facilities are shown on the right. Letters above boxplots display Tukey’s
pairwise ANOVA results between concentrations at diﬀerent distances from the facilities. Categories which share a letter are not signiﬁcantly
diﬀerent at a 95% conﬁdence level. Letters only convey statistical diﬀerences between the three distance categories for single compounds at single
sites. ∑Penta-BDE refers to sum of BDE-47, -99, -100, -153, and -154. ∑NBFRs refers to sum of PBT, PBEB, HBB, BTBPE, and DBDPE.
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informal processing site in Ghana (15.6−96.8 ng/g)49 and at
an open burning site in Vietnam (<0.1−48 ng/g),31 while
∑PBDEs ranged 37−3900 ng/g outside a processing work-
shop from the same Vietnamese study. These comparisons
suggest that formal e-waste recycling facilities in Melbourne
may have a similar potential to contaminate adjacent soils as
widespread and informal practices in regions of Asia and
Africa. The average concentrations measured at the boundary
perimeters of the Site A and Site B e-waste facilities also greatly
exceeded mean levels determined at chemical and polymer
manufacturing locations or waste dumpsites and incinerators in
Melbourne.46 Dismantling and autoshredding of electronic
parts, which may occur in both formal and informal recycling
arrangements, have been observed to increase BFR concen-
trations in atmospheric particulates at e-waste facilities.3,50
Direct volatilization of BFRs from electronic articles stored
outside at recycling facilities in Melbourne may also contribute
to contamination of nearby soils,2,51 especially during warmer
months.52 Although no other wide-ranging investigations of
PBDE soil contamination have been conducted at formal
electronics recycling facilities in Western countries, ∑PBDE
concentrations from Melbourne’s urban parkland soils
(reference sites) approximated those reported in urban soils
of similarly industrialized nations like France,53 Sweden,54 and
England.55
NBFRs were identiﬁed in 82% of all soil samples while
detection frequencies for individual compounds were much
lower than those of PBDEs. BTBPE was the most commonly
detected NBFR, present in 61% of samples, followed by HBB
(43%), DBDPE (39%) and PBT (27%). PBEB was only
identiﬁed in 5% of samples and EH-TBB was not detected.
Although the relative abundance of NBFRs varied dramatically
between samples due to low detection frequencies, DBDPE
made the greatest average contribution to overall ∑NFBR
levels at 46%, followed by BTBPE, HBB and then PBT with
33, 15 and 6%, respectively. DBDPE was also present at the
highest concentrations of the NBFRs assessed, ranging ND-
37,000 ng/g, while BTBPE, HBB and PBT reached maximum
concentrations of 46, 84, and 1.5 ng/g, respectively. The
median ∑NBFR concentration in e-waste Site B soils was
roughly 1 order of magnitude above that of Site A samples,
partly owing to a higher detection rate of both DBDPE and
BTBPE at Site B. In concurrence with the substantial BDE-209
contamination determined in sample B2, DBDPE was
measured at the very high level of 37,000 ng/g in this sample.
DBDPE was the most abundant NBFR in an extensive
assessment of soils from China, Japan, South Korea, India and
Vietnam with average contributions to ∑NBFRs ranging
52.5−71.8% among urban, rural and background sites and
78.2−93.7% among e-waste recycling sites.32 This supports the
prediction that DBDPE has become one of the key
replacements of legacy BFRs such as Deca-BDE, particularly
in electronics.25 DBDPE concentrations have ranged 4.6−4200
ng/g56 and <1−920 ng/g31 at e-waste processing areas in
Vietnam, 4.20−558 ng/g in China57 and 0.13−6585 ng/g in
Pakistan,33 which are broadly comparable to DBDPE levels in
Melbourne. As was the case in the current study, BTBPE is
regularly determined at the next highest concentrations,
approximately 1−3 orders of magnitude below DBDPE
levels.43 BTBPE concentrations recorded in Melbourne were
slightly lower than at e-waste processing workshops in China
(0.25−590 ng/g)57 and Vietnam (0.51−350 ng/g)56 but
similar to levels at another Vietnamese workshop (<0.2−88
ng/g).31 A much higher maximum level of 4150 ng/g was,
however, reported in soils sampled ∼500 m from e-waste
activities in Pakistan.33 BTBPE is utilized as a replacement for
octa-BDE products in a range of electrical parts but particularly
in hard plastics used for outer casings like acrylonitrile
butadiene styrene (ABS) and high impact polystyrene
(HIPS).26,58,59 Since these plastics are often pelletized for
reuse in e-waste recycling operations the degree of
contamination surrounding facilities may be related to the
degree of autoshredding onsite.50 As in the present study, HBB
is usually the most prevalent of the monoaromatic BFRs
(which include PBT and PBEB) and is mostly detected at low
concentrations in soils.56,57
Reference sites contained only low levels of ∑NBFRs
ranging ND-0.86 with a detection frequency of 63%. Rates of
detection for PBT were increased among reference sites with
respect to e-waste areas while DBDPE, BTBPE, and HBB were
each decreased (DBDPE to 0%). While this may indicate
preferential deposition of heavier compounds closer to e-waste
recycling facilities32 it is also possible that separate sources of
PBT are present at the references sites.60
3.2. Impact of E-Waste Recycling to Surrounding
Soils. In order to assess the land contamination potential of
BFRs emitted from e-waste facilities, sample measurements
were grouped according to the distance of sample locations
from the nearest respective recycling plant (<300 m, 300−900
m and >3 km; reference sites). Figure 1 shows the locations of
each sample relative to e-waste Sites A and B and the
distribution of selected BFRs. ANOVA tests revealed there to
be no statistical diﬀerence between the ∑penta-BDE
concentrations measured in the vicinity of either e-waste
recycling sites and that of reference soils. Concentrations of
BDE-183 at Site A and the reference sites were, likewise, not
signiﬁcantly diﬀerent. BDE-183 levels in samples taken <300 m
from Site B did, however, exceed those of reference sites by a
signiﬁcant margin (p = 0.005). BDE-209 was the only
compound to show a statistically signiﬁcant diﬀerence between
any distance categories and the reference soils for Site A (p =
0.003). BDE-209 concentrations measured <300 m from Site B
exceeded those in the reference sites (p < 0.001) while BDE-
209 levels were also signiﬁcantly higher in samples 300−900 m
from the Site B facility than in reference soils (p = 0.039). The
stronger soil contamination potential of BDE-209 is likely due
to the much higher concentrations of the congener typically
found in electronic and electrical equipment.61,62 BDE-209
also partitions more strongly to particulates generated within e-
waste facilities by autoshredding of plastics than do lighter
congeners, which in turn tends to result in deposition closer to
sources.50,63 A number of samples within the 300−900 m
category of Site A recorded elevated BDE-209 concentrations
to indicate separate point-sources within the area. Polymer
manufacturing and other industries have been identiﬁed as
putative sources to soils in the city of Melbourne.46 The
widespread application of deca-BDE in textiles and building
materials60 provides a range of additional potential sources of
BDE-209 to soils within urbanized environments. NBFRs were
only assessed as a summed compound category to account for
low detection frequencies of individual compounds. Statisti-
cally signiﬁcant diﬀerences in ∑NBFR compound concen-
trations were observed between the <300 m category and
reference sites for Site B only (p < 0.001). At Site B, the
concentrations measured from <300 m were also statistically
greater than those in the 300−900 m region (p = 0.010)
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indicating that ∑NBFR contamination (dominated by
DBDPE) remained concentrated closer to the facility.
These results suggest that formal electronic waste recycling
facilities in Melbourne have the potential to contaminate
surrounding soils with BFRs over distances up to and
exceeding 300 m. Some facilities which actively process e-
waste in Melbourne are directly adjacent to residential land or
within 200 m of outdoor playgrounds and sporting ﬁelds. The
transfer of PBDEs to these locations has strong implications
regarding human exposure via soil ingestion and the
contamination of private land. Emission of BFRs to agricultural
and residential soils has been repeatedly observed in e-waste
recycling regions of China.47,48,64−66 Although soil concen-
trations have not been assessed near formal e-waste facilities
outside China, elevated atmospheric BFR concentrations have
been observed at formal plants in Finland,67 U.S.,50 Sweden68
and a large automotive shredding and metal recycling plant in
the City of Brisbane, Australia.69 Processing of electronic waste
was found to cause greater atmospheric emission of BFRs than
landﬁll or incineration in Norwegian waste facilities,1 which
supports the hypothesis that e-waste facilities are responsible
Figure 2. Regression analyses between BFR concentrations (ng/g dw) and distance (m) from respective electronic waste recycling facilities.
∑Penta-BDE refers to sum of BDE-47, -99, -100, -153, and -154. ∑NBFRs refers to sum of PBT, PBEB, HBB, BTBPE, and DBDPE.
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for greater levels of contamination in Melbourne than other
previously identiﬁed point-sources.46,70
3.3. Spatial Distribution. The spatial distribution patterns
of BFRs transported from e-waste recycling facilities were
evaluated using Spearman correlation analysis (SI Table S10)
and regression modeling (Figure 2). Spearman correlation
coeﬃcients showed that BFR concentrations in soil generally
decreased with distance from electronic waste facilities. Strong
signiﬁcant correlations (p < 0.01) between distance and
concentration in soil at Site B were observed for all assessed
compounds (BDEs- 47, -99, -100, -153, -54, -183, -209, HBB,
BTBPE and DBDPE) with Spearman coeﬃcients, r, ranging
−0.808 to −0.654. The negative association was less
pronounced for soils from Site A, with statistically signiﬁcant
correlations (p < 0.05) observed for BDE-153, BDE-154, BDE-
209, HBB, and BTBPE. Regression analyses revealed the
decrease in compound concentrations to be roughly
exponential with distance from the e-waste facility at Site B.
R2 values for regression models at Site B were 0.540, 0.391,
0.265, and 0.636 for ∑penta-BDE, BDE-183, BDE-209, and
∑NBFR concentrations, respectively. Exponential regression
curves ﬁt ∑penta-BDE, BDE-183, and BDE-209 data more
closely when concentrations were corrected to soil organic
matter content (R2=0.620, 0.471, 0.316, respectively) though a
slight decrease was observed for ∑NBFRs (R2=0.623).
Exponential regression did not ﬁt Site A measurements closely,
with weak R2 values ranging 0.051−0.214 across the
compound groups. Correction for organic matter had a
minimal eﬀect on the suitability of the exponential regression
for all compound groups at Site A except for a moderate R2
increase to 0.233 for BDE-209. This analysis contributes
further evidence to support the premise that e-waste processing
at Site B is likely to be the dominant point-source of BFRs
inﬂuencing concentrations in soil over a span of ∼900 m, while
the facility at Site A appears to be only one of a number of
potential point-sources. Dispersion patterns of BFRs in soil
emanating from major point-sources such as e-waste recycling
centers or BFR manufacturing plants have typically exhibited
exponential or log−linear concentration decreases with
increasing distance.8,32,71
The rate of decrease in soil concentration was roughly
similar for ∑penta-BDE, BDE-183 and BDE-209 to suggest
that the physical processes of transport and deposition diﬀered
little for the congener groups over the distance studied. While
longitudinal fractionation of PBDE congeners is often reported
over longer distances,32,72 preferential deposition of heavier
compounds may not have a signiﬁcant eﬀect on the congener
proﬁles in soils over distances <1 km.8,73 Correlations between
compound concentrations were also assessed (SI Table S10).
At Site A, statistically signiﬁcant correlations were determined
between most of the PBDE congeners while BTBPE
concentrations were only signiﬁcantly associated with heavier
hexa-, hepta- and deca-BDEs. HBB and DBDPE concen-
trations did not correlate with those of any compounds at Site
A. Conversely, very strong correlations (p < 0.01) were
determined between nearly every compound combination in
Site B soils. These strong correlations in Site B soils suggest the
joint-application of both PBDEs and NBFRs in electronic
goods in Australia. Positive associations between compound
concentrations at Melbourne’s e-waste sites provide yet further
evidence that contamination by individual BFRs is originating
from a common source and subject to similar transport
processes.
3.4. Implication for Human Exposure. The results of
human exposure assessments are shown in Table 2. Ingestion
of ∑Penta-BDEs and BDE-183 via soil was predicted to be
≤1.0 ng/day for both toddlers and adults in all calculated
exposure scenarios while BDE-209 ingestion rates were
generally 2−3 orders of magnitude higher. Soil-derived BDE-
209 exposure near e-waste facilities based on median
concentrations and mean ingestion rates was estimated to be
3.0 and 0.24 ng/day for toddlers and adults, respectively. High
risk scenario calculations, representing populations living
directly adjacent to e-waste facilities, indicated that BDE-209
exposure among toddlers and adults may reach as high as 190
and 17 ng/day, respectively. Exposure models predicted intake
of ∑NBFRs via soil to be approximately 1 order of magnitude
higher than ∑penta-BDE and BDE-183 but around an order
of magnitude below those of BDE-209.
Rates of soil ingestion are determined largely by the extent
of hand-to-mouth transfer or consumption of soil on the
surface of food and average intake for toddlers and children
consequently exceeds that of adults by ∼12−19 times.42 BFR
ingestion predictions for toddlers and adults reﬂect this fact
Table 2. Estimated PBDE and NBFR Human Exposure via Soil Ingestion in the Vicinity of Electronic Waste Recycling
Facilities in Melbourne, Australiaa
toddler adult
mean ingestionb high ingestionc mean ingestionb high ingestionc
compound median 95th median 95th median 95th median 95th
ng/day
∑penta-BDE 0.02 0.32 0.07 1.0 <0.01 0.03 0.01 0.09
BDE-183 0.01 0.23 0.04 0.73 <0.01 0.02 <0.01 0.07
BDE-209 3.0 58 9.6 190 0.24 4.6 0.89 17
∑NBFR 0.11 8.9 0.34 28 0.01 0.71 0.03 2.6
ng/kg bw/day (adjusted to body mass)
∑penta-BDE <0.01 0.03 0.01 0.08 <0.01 <0.01 <0.01 <0.01
BDE-183 <0.01 0.02 <0.01 0.06 <0.01 <0.01 <0.01 <0.01
BDE-209 0.25 4.8 0.80 15 <0.01 0.07 0.01 0.24
∑NBFR 0.01 0.74 0.03 2.4 <0.01 0.01 <0.01 0.04
aMedian and 95th columns refer to median and 95th percentile concentrations in soil (ng/g dw) calculated from both Site A and Site B e-waste
recycling facilities. ∑Penta-BDE refers to the sum of BDEs -47, -99, -100, -153, and -154. ∑NBFRs refers to sum of PBT, PBEB, HBB, BTBPE,
and DBDPE. bMean soil ingestion rate = 20 mg/day for toddlers and 1.6 mg/day for adults.42 cHigh soil ingestion rate (95th percentile) = 64 mg/
day for toddlers and 5.9 mg/day for adults.42
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with the younger demographic expected to ingest BFRs at a
rate 1 order of magnitude greater than that of adults for all
calculated exposure scenarios. The implication of this diﬀer-
ence is compounded when the lower body weight of toddlers is
taken into account. Body weight adjusted intakes for both age
groups shown in the bottom half of Table 2 reveal potential
soil-derived BFR exposure to be 1−2 orders of magnitude
greater for toddlers than for adults across all compound groups
on a body weight adjusted basis. Adult intake based on median
concentrations in soil were predicted to be ≤0.01 ng/kg bw/
day for all compound groups with a maximum exposure rate of
0.24 ng/kg bw/day for BDE-209 in the highest risk scenario.
Conversely, BDE-209 exposure rates for toddlers were
estimated to be 0.25 and 15 ng/kg bw/day in the typical
and highest risk scenario calculations, respectively. It should be
noted that predicted intakes of BFRs for both age groups and
all exposure scenarios were <0.3% of the USEPA’s most recent
oral reference dose values (RfDs) for ingestion of PBDEs.74
Average soil-derived daily doses of BFRs calculated from
samples taken within 500 m of e-waste recycling locations in
Pakistan were each higher than the present study at 0.067,
0.033, 0.497, and 0.701 ng/kg bw/day for ∑penta-BDEs,
BDE-183, BDE-209, and ∑NBFRs, respectively.33 Iqbal et
al.,33 however, estimated that exposure via inhalation was the
dominant pathway in the region. Few risk assessments relating
to BFR ingestion via soil are available for comparison, though
exposure to BFRs via inhalation has been widely reported at e-
waste recycling locations.3,63,75 The contribution of soil-
derived BFR exposure to overall BFR intake estimated in the
current study is also relatively low with respect to other well-
documented major exposure pathways such as indoor dust
ingestion and dietary intake. A recent investigation of PBDEs
and NBFRs in indoor dust in the city of Melbourne predicted
typical exposure (mean dust ingestion rates, median dust
concentrations) to ∑PBDEs and ∑NBFRs to be 0.64 and
0.47 ng/kg bw/day, respectively, for adults and 9.0 and 6.6 ng/
kg bw/day, respectively, for toddlers.40 PBDE intake via food
has also been estimated to occur at rates 2−3 orders of
magnitude greater for Australian populations76 than those
predicted here. The results of the current human exposure
assessment show that ingestion of BFRs via soil, as a
proportion of overall BFR intake, is likely to be negligible for
adults and relatively low for toddlers who reside or spend
appreciable amounts of time in close proximity to e-waste
facilities in Melbourne. This study does, however, demonstrate
that formal e-waste recycling facilities in Melbourne have a
strong potential to contaminate surrounding soils thus
contributing to overall BFR exposure among local populations.
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Supplementary Materials and Methods 
 
Section S1. Reagents 
Pesticide grade iso-octane, toluene, n-hexane and dichloromethane (DCM) were purchased from 
Honeywell Burdick & Jackson (Muskegon, MI, USA). Analytical reagent grade acetone used for rinsing 
was from Chem Supply (Gilman, SA, Australia). Davisil silica (200–425 mesh amorphous SiO2) was 
obtained from Grace Davison (Rowville, VIC, Australia) and Florisil (60–100 mesh MgSiO3), anhydrous 
sodium sulfate (Na2SO4) and copper powder from Sigma Aldrich (St Louis, MO, USA) and Hydromatrix 
from Varian Inc. (Santa Clara, CAL, USA). Concentrated sulfuric acid (H2SO4, 98%) was obtained from 
Merck (Kilsyth, VIC, Australia). All adsorbents (excluding copper powder) were activated by heating to 
130 °C for 16 h prior to use. Silica was further treated by addition of concentrated sulfuric acid and 
thoroughly mixed for 4 h on a rotary shaker at 320 rpm to produce 10% w/w acid silica.  
 
Section S2. Sample extraction 
33 mL extraction cells contained, from bottom to top, a cellulose filter, 3 g activated Florisil, 6 g 10% 
w/w acid silica, 2 g anhydrous sodium sulfate, a second cellulose filter, 3 g activated copper powder and 
3 g of soil sample homogenized in 1 g of Hydromatrix. Surrogate internal standards (5 ng of 13C-BDE-47, 
13C-BDE-99, 13C-BDE-153, 100 ng of 13C-BDE-209 and 20 ng of 13C-BTBPE) were spiked into the soil 
homogenate prior to extraction with 1:1 n-hexane/dichloromethane at 100 ˚C and 1500 psi (~10.34 MPa). 
Extracts were evaporated to dryness under a gentle nitrogen stream and reconstituted in 1:4 toluene/iso-
octane containing BDE-77 recovery internal standard. 
 
Section S3. Human exposure assessment calculations 
Estimates of daily exposure to PBDEs and NBFRs were calculated using the following equation; 
 ∑"#$%&'()	+,-	&%,.	,/0)&1,%/	 /0/30	45/6-7 = 9:;<=%67	>),0ℎ1 
 
where CS is the analyte concentration (ng/g) in soils and IR is the daily soil ingestion rate (g/day). 
Exposure estimates have been computed using median and 95th percentile concentrations calculated 
from the combined measurements at e-waste sites A and B (n=36). Mean and 95th percentile soil 
ingestion rates used in exposure predictions were 20 and 64 mg/day, respectively, for toddlers (7 months 
to 4 years) and 1.6 and 5.9 mg/day, respectively, for adults (20 to 59 years).1  Average body weights of 
70 and 12 kg were assigned for adults and toddlers, respectively.2 As in previous studies,3-5 100% 
uptake of all compounds has been assumed in exposure estimates due to a lack of evidence regarding 
bioavailability of PBDEs and NBFRs. Although it is acknowledged that this may lead to an overestimation 
of exposure, this approach has been chosen to provide a conservative assessment of risk. 
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 1 Wilson, R., Jones-Otazo, H., Petrovic, S., Mitchell, I., Bonvalot, Y., Williams, D. & Richardson, G. 
M., Revisiting Dust and Soil Ingestion Rates Based on Hand-to-Mouth Transfer. Human and 
Ecological Risk Assessment, 2013, 19 (1), 158-188. 
2 EFSA, Scientific Opinion on Emerging and Novel Brominated Flame Retardants (BFRs) in Food, 
European Food Safety Authority, 2012, Parma, Italy. 
3 Ali, N., Ali, L., Mehdi, T., Dirtu, A. C., Al-Shammari, F., Neels, H. & Covaci, A., Levels and 
profiles of organochlorines and flame retardants in car and house dust from Kuwait and 
Pakistan: Implication for human exposure via dust ingestion. Environment International, 2013, 
55, 62-70. 
4 Hassan, Y. & Shoeib, T., Levels of polybrominated diphenyl ethers and novel flame retardants in 
microenvironment dust from Egypt: An assessment of human exposure. Science of The Total 
Environment, 2015, 505, 47-55. 
5 De Wit, C. A., Björklund, J. A. & Thuresson, K., Tri-decabrominated diphenyl ethers and 
hexabromocyclododecane in indoor air and dust from Stockholm microenvironments 2: Indoor 
sources and human exposure. Environment International, 2012, 39 (1), 141-147. 
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 Table S1. Compound abbreviations. 
Abbreviation Compound Class Compound Name 
BDE-28 PBDEs 2,4,4′-Tribromodiphenyl ether 
BDE-47  2,2′,4,4′-Tetrabromodiphenyl ether  
BDE-99  2,2′,4,4′,5-Pentabromodiphenyl ether 
BDE-100  2,2′,4,4′,6-Pentabromodiphenyl ether 
BDE-153  2,2′,4,4′,5,5′-Hexabromodiphenyl ether 
BDE-154  2,2′,4,4′,5,6′-Hexabromodiphenyl ether 
BDE-183  2,2′,3,4,4′,5′,6-Heptabromodiphenyl ether 
BDE-209  Decabromodiphenyl ether 
BDE-77a  3,3′,4,4′-Tetrabromodiphenyl ether 
13C-BDE-47a Carbon-Labeled 
PBDEs 
2,2′,4,4′-Tetrabromo[13C12]diphenyl ether  
13C-BDE-99a 2,2′,4,4′,5-Pentabromo[13C12]diphenyl ether 
13C-BDE-153a 2,2′,4,4′,5,5′-Hexabromo[13C12]diphenyl ether 
13C-BDE-209a Decabromo[13C12]diphenyl ether 
PBT NBFRs pentabromotoluene 
PBEB  pentabromoethylbenzene 
HBB  hexabromobenzene 
EH-TBB  2-ethylhexyl-2,3,4,5-tetrabromobenzoate 
BTBPE  1,2-bis(2,4,6-tribromophenoxy)ethane 
DBDPE  Decabromodiphenyl ethane 
13C-BTBPEa Carbon-labeled 
NBFRs 
1,2-bis(2,4,6-tribromo[13C12]phenoxyethane 
a Internal standard 
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 Table S2. GC-(EI)-MS/MS acquisition parameters. 
  Quantitation Transition Confirmation Transition 
Compound RT (min) T1 (m/z) Dwell (ms) 
CE 
(eV) T2 (m/z) 
Dwell 
(ms) 
CE 
(eV) 
BDE-28 5.70 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
PBT 5.72 485.5 ® 247.0 10 20 485.5 ® 326.0 10 20 
PBEB 5.84 499.7 ® 484.6 10 20 499.7 ® 420.5 10 20 
HBB 6.21 552.0 ® 391.8 15 25 549.5 ® 389.7 10 25 
BDE-47 6.34 325.8 ® 216.8 10 45 325.8 ® 218.8 10 20 
13C-BDE-47 (SS) 6.34 497.7 ® 338.0 12 25 495.7 ® 336.1 12 45 
BDE-77 (RS) 6.61 486.0 ® 326.0 10 45 326.0 ® 138.0 10 20 
BDE-100 6.81 563.6 ® 403.7 10 35 403.7 ® 296.7 16 35 
EH-TBB 6.97 420.5 ® 233.0 10 30 420.5 ® 311.5 10 30 
BDE-99 6.97 563.6 ® 403.7 10 20 565.6 ® 405.6 10 20 
13C-BDE-99 (SS) 6.97 577.7 ® 417.8 10 40 417.3 ® 309.0 13 55 
BDE-154 7.35 643.6 ® 483.8 10 25 483.7 ® 374.9 14 25 
BDE-153 7.56 643.6 ® 483.8 14 40 483.7 ® 323.6 10 40 
13C-BDE-153 (SS) 7.56 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
BDE-183 8.11 561.7 ® 454.9 21 20 721.6 ® 561.8 10 25 
BTBPE 8.27 356.5 ® 118.0 16 40 356.5 ® 90.0 16 60 
13C-BTBPE (SS) 8.27 362.5 ® 124.0 10 30 362.5 ® 96.0 10 60 
BDE-209 11.33 799.4 ® 639.5 67 55 639.6 ® 530.7 52 55 
13C-BDE-209 (SS) 11.33 811.8 ® 651.4 61 55 651.5 ® 543.6 57 55 
DBDPE 12.68 484.5 ® 324.5 113 25 484.5 ® 403.5 136 55 
RT= retention time, SS= internal surrogate standards, RS= internal recovery standard, CE= collision energy. 
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 Table S3. Quantitation parameters, method quantitation and method detection limits. 
Compound Quantitation SS CC R2 MQL (ng/g) MDL (ng/g) 
BDE-28 13C-BDE-47 0.99931 0.02 0.01 
BDE-47 13C-BDE-47 0.99907 0.02 0.01 
BDE-99 13C-BDE-99 0.99935 0.02 0.01 
BDE-100 13C-BDE-99 0.99971 0.02 0.01 
BDE-153 13C-BDE-153 0.99949 0.02 0.01 
BDE-154 13C-BDE-153 0.99946 0.02 0.01 
BDE-183 13C-BDE-153 0.99919 0.02 0.01 
BDE-209 13C-BDE-209 0.99437 17 5 
PBT 13C-BDE-47 0.99914 0.02 0.01 
PBEB 13C-BDE-47 0.99925 0.02 0.01 
HBB 13C-BDE-47 0.99913 0.02 0.01 
EH-TBB 13C-BTBPE 0.99926 0.04 0.01 
BTBPE 13C-BTBPE 0.99950 0.04 0.01 
DBDPE 13C-BDE-209 0.99152 45 14 
SS= internal surrogate standard, CC= calibration curve, MQL= method quantitation limit, MDL= method 
detection limit. 
 
 
 
 
Table S4. Recovery (%) of PBDEs and NBFRs in matrix spike (MS) and laboratory control (LCS) 
samples. 
 
 Matrix Spike Samples  Laboratory Control Samples 
Compound Mean %RSD Min Max Mean %RSD Min Max 
BDE-28 106 3 101 111 114 6 102 122 
BDE-47 103 6 93 110 109 9 92 122 
BDE-99 107 8 98 124 106 3 101 111 
BDE-100 117 7 106 131 104 4 98 111 
BDE-153 103 3 98 107 104 3 99 106 
BDE-154 83 10 70 100 99 3 92 101 
BDE-183 90 19 58 117 115 9 104 129 
BDE-209 103 14 80 136 115 7 108 129 
PBT 91 8 82 102 108 5 98 115 
PBEB 100 6 93 110 102 5 93 107 
HBB 96 9 87 110 119 4 113 127 
EH-TBB 25 29 16 36 54 37 35 89 
BTBPE 110 4 102 117 105 5 102 116 
DBDPE 105 4 96 113 92 9 82 106 
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Table S5. Concentrations measured in duplicate soil samples (ng/g dw). 
Compound 
A4 A15 B11 B17 R4 
a b a b a b a b a b 
BDE-28 <0.02 0.05 <0.02 ND ND <0.02 <0.02 <0.02 <0.02 <0.02 
BDE-47 0.76 1.1 0.26 0.21 0.34 0.26 0.17 0.12 0.46 0.61 
BDE-99 1.3 1.0 0.24 0.24 0.41 0.22 0.18 0.14 0.39 0.62 
BDE-100 0.43 ND 0.10 0.10 <0.02 0.04 0.04 0.03 0.16 0.20 
BDE-153 0.23 0.37 0.06 0.33 0.31 0.10 0.06 0.04 0.05 0.56 
BDE-154 0.13 ND 0.02 0.02 0.19 0.05 0.03 0.03 0.04 0.20 
BDE-183 0.32 1.6 0.42 0.12 0.66 0.47 0.26 0.12 <0.02 3.0 
BDE-209 170 560 70 66 99 100 29 34 18 32 
PBT ND ND <0.02 ND ND <0.02 ND ND <0.02 ND 
PBEB ND ND ND ND ND ND ND ND ND ND 
HBB <0.02 ND <0.02 ND ND ND ND ND 0.07 ND 
EH-TBB ND ND ND ND ND ND ND ND ND ND 
BTBPE ND 4.6 ND <0.04 4.3 0.84 ND 0.67 ND ND 
DBDPE 50 ND 180 ND ND ND ND ND ND ND 
ND= not detected. a and b concentrations represent original (reported in Table 1) and duplicate samples, respectively. a 
and b concentrations represent original (Table S7, S8, S9) analyses and measurements from separate samples taken at 
the same site, respectively.  
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 Table S6. Sample location description and location relative to electronic waste recycling facilities. 
Area Sample Description  
Site A 
(<300 m) 
Grassland beside road 
 
 
Residential/industrial roadside 
Industrial roadside 
Grassland beside road 
Parkland 
Residential roadside 
Grassland beside road 
Industrial roadside 
Site A 
(300-900 m) 
Residential roadside 
Grassland beside residences 
Parkland/recreation reserve 
Residential roadside 
Grassland beside residences 
Grassland beside industrial site 
Parkland/recreation reserve 
Parkland 
Parkland beside residences 
Grassland beside road 
Site B 
(<300 m) 
Industrial roadside 
Industrial roadside 
Grassland beside industrial site 
Parkland/recreation reserve 
Industrial roadside 
Grassland beside industrial site 
 
Parkland 
Site B 
(300-900 m) 
Parkland/recreation reserve 
Industrial/residential roadside 
Grassland beside industrial site 
Parkland/recreation reserve 
Parkland/recreation reserve 
Residential roadside 
Residential roadside 
Grassland beside residences 
Parkland 
Playground 
Parkland/playground 
Reference 
Sites 
(>3 km) 
Urban Parkland 
Urban Parkland 
Urban Parkland 
Urban Parkland 
Urban Parkland 
Urban Parkland 
Urban Parkland 
Urban Parkland 
The center axes (0, 0) of figures labelled Site A and Site B represent the locations of separate electronic waste facilities in Melbourne, 
Australia. 
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Table S10. Spearman correlations. 
Site A Distance (m) BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 BDE-209 HBB BTBPE DBDPE ∑Penta-BDE ∑PBDE 
BDE-47 -0.285 0.252             
BDE-99 -0.461 0.054 
0.774 
<0.001            
BDE-100 -0.208 0.409 
0.462 
0.054 
0.685 
0.002         
 
BDE-153 -0.596 0.009 
0.655 
0.003 
0.899 
<0.001 
0.607 
0.008        
BDE-154 -0.513 0.030 
0.674 
0.002 
0.916 
<0.001 
0.625 
0.006 
0.980 
<0.001       
BDE-183 -0.333 0.177 
0.278 
0.264 
0.517 
0.028 
0.218 
0.385 
0.578 
0.012 
0.537 
0.022      
BDE-209 -0.472 0.048 
0.362 
0.140 
0.589 
0.010 
0.384 
0.116 
0.767 
<0.001 
0.764 
<0.001 
0.539 
0.021       
HBB -0.636 0.005 
0.398 
0.102 
0.272 
0.276 
0.004 
0.988 
0.395 
0.105 
0.325 
0.188 
0.290 
0.243 
0.186 
0.461      
BTBPE -0.486 0.041 
0.179 
0.477 
0.455 
0.058 
0.131 
0.603 
0.667 
0.003 
0.614 
0.007 
0.608 
0.007 
0.607 
0.008 
0.302 
0.223     
DBDPE -0.016 0.950 
0.151 
0.549 
-0.034 
0.893 
-0.302 
0.223 
0.086 
0.735 
0.029 
0.911 
0.161 
0.522 
0.343 
0.164 
-0.036 
0.886 
0.221 
0.379    
∑Penta-
BDE 
-0.458 
0.056 
0.819 
<0.001 
0.990 
<0.001 
0.687 
0.002 
0.914 
<0.001 
0.928 
<0.001 
0.522 
0.026 
0.633 
0.005 
0.292 
0.239 
0.432 
0.074 
0.041 
0.872   
∑PBDE -0.457 0.056 
0.368 
0.133 
0.596 
0.009 
0.389 
0.110 
0.770 
<0.001 
0.769 
<0.001 
0.528 
0.024 
0.999 
<0.001 
0.177 
0.483 
0.607 
0.008 
0.343 
0.164 
0.638 
0.004  
∑NBFR -0.235 0.348 
0.126 
0.620 
0.098 
0.698 
-0.148 
0.558 
0.280 
0.261 
0.194 
0.440 
0.436 
0.070 
0.495 
0.037 
0.150 
0.552 
0.481 
0.043 
0.912 
<0.001 
0.160 
0.525 
0.491 
0.039 
 
Site B Distance (m) BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-183 BDE-209 HBB BTBPE DBDPE ∑Penta-BDE ∑PBDE 
BDE-47 -0.799 <0.001             
BDE-99 -0.763 <0.001 
0.933 
<0.001            
BDE-100 -0.686 0.002 
0.836 
<0.001 
0.898 
<0.001         
 
BDE-153 -0.718 0.001 
0.598 
0.009 
0.626 
0.005 
0.596 
0.009        
BDE-154 -0.666 0.003 
0.765 
<0.001 
0.791 
<0.001 
0.751 
<0.001 
0.726 
0.001       
BDE-183 -0.654 0.003 
0.725 
0.001 
0.765 
<0.001 
0.852 
<0.001 
0.759 
<0.001 
0.925 
<0.001      
BDE-209 -0.755 <0.001 
0.681 
0.002 
0.664 
0.003 
0.624 
0.006 
0.523 
0.026 
0.803 
<0.001 
0.733 
0.001       
HBB -0.707 0.001 
0.682 
0.002 
0.597 
0.009 
0.619 
0.006 
0.372 
0.129 
0.555 
0.017 
0.576 
0.012 
0.746 
<0.001      
BTBPE -0.744 <0.001 
0.864 
<0.001 
0.848 
<0.001 
0.736 
<0.001 
0.572 
0.013 
0.760 
<0.001 
0.757 
<0.001 
0.727 
0.001 
0.734 
0.001     
DBDPE -0.808 <0.001 
0.608 
0.007 
0.545 
0.019 
0.568 
0.014 
0.676 
0.002 
0.522 
0.026 
0.607 
0.008 
0.676 
0.002 
0.734 
0.001 
0.593 
0.009    
∑Penta-
BDE 
-0.818 
<0.001 
0.961 
<0.001 
0.976 
<0.001 
0.909 
<0.001 
0.679 
0.002 
0.855 
<0.001 
0.828 
<0.001 
0.730 
0.001 
0.656 
0.003 
0.860 
<0.001 
0.594 
0.009   
∑PBDE -0.755 <0.001 
0.681 
0.002 
0.664 
0.003 
0.624 
0.006 
0.523 
0.026 
0.803 
<0.001 
0.733 
0.001 
1.000 
* 
0.746 
<0.001 
0.727 
0.001 
0.676 
0.002 
0.730 
0.001  
∑NBFR -0.840 <0.001 
0.723 
0.001 
0.684 
0.002 
0.657 
0.003 
0.658 
0.003 
0.619 
0.006 
0.706 
0.001 
0.762 
<0.001 
0.783 
<0.001 
0.802 
<0.001 
0.935 
<0.001 
0.715 
0.001 
0.762 
<0.001 
 
Top values within the table are Spearman correlation coefficients, R, and bottom values are p values. P-values indicated in bold are statistically 
significant at the 95% confidence level. Distance refers to the distance of samples from respective e-waste recycling facilities. 
Concentrations reported as <MQL and ND have been assigned values of half MQL and half MDL, respectively, in statistical calculations. 
∑Penta-BDE refers to sum of BDE-47, -99, -100, -153 and -154. 
∑PBDEs refers to sum of BDE-28, -47, -99, -100, -153, -154, -183 and -209. 
∑NBFRs refers to sum of PBT, PBEB, HBB, BTBPE and DBDPE. 
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Preface 
The propensity for PBDEs to volatilize from consumer goods and contaminate indoor air and 
dust of homes around the world, including Australia, is well documented (Vorkamp et al., 2011; 
Stasinska et al., 2013; Whitehead et al., 2013). Analysis of indoor goods such as electronic equipment 
and couch foam has shown that NBFRs are generally present in the same types of materials as 
PBDEs (Kajiwara et al., 2011; Stapleton et al., 2012; Abbasi et al., 2016). A number of studies have 
shown that NBFRs are also being released from these products and present considerable inhalation 
and ingestion exposure risks (Lankova et al., 2015; Newton et al., 2015). At the time of this study, no 
data was available on the levels of NBFRs in Australian homes, while PBDE house-dust data excluded 
measurements from the state of Victoria. 
In June 2016, the College of Human Ethics Advisory Network (CHEAN) granted approval for 
sampling of indoor dust from homes, offices and automobiles in the city of Melbourne. A sampling 
strategy was developed to investigate the concentrations of BFRs in these three microenvironments 
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 while also assessing variation within each space. The analytical method developed for soils (Chapter 
3) was adapted for extraction and quantitation of dust samples. 
This Chapter provides an important first account of NBFR contamination in Australian indoor 
environments and supplements previous PBDE-dust measurements as the first data recorded in 
Melbourne.  
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A R T I C L E I N F O
Handling Editor: Heather Stapleton
A B S T R A C T
Polybrominated diphenyl ethers (PBDEs) and novel brominated ﬂame retardants (NBFR) have been used in a
range of polymers to inhibit the spread of ﬁres but also have a propensity to migrate out of consumer materials
and contaminate indoor dust. In this study, a total of 57 dust samples were collected from 12 homes, eight oﬃces
and eight vehicles in Melbourne, Australia and analysed for eight PBDEs (-28, -47, -99, -100, -153, -154, -183
and -209) and seven NBFRs (PBT, PBEB, HBB, EH-TBB, BEH-TEBP, BTBPE and DBDPE) to determine human
exposure risks from dust ingestion. Samples were analysed using selective pressurized liquid extraction (S-PLE)
and gas chromatography coupled to tandem mass spectrometry (GC–MS/MS). Legacy and replacement ﬂame
retardants were detected in all samples with overall ∑PBDE concentrations ranging from 120 to 1700,000 ng/g
(median 2100 ng/g) and ∑NBFRs ranging from 1.1 to 10,000 ng/g (median 1800 ng/g). BDE-209 and DBDPE
were the dominant compounds in dust samples, followed by congeners associated with commercial Penta-BDE
formulations (-47, -99, -100, -153 and -154) and then EH-TBB of the FireMaster 550 and BZ-54 products. ∑Penta-
BDE concentrations were elevated in oﬃce samples compared with homes and vehicles, while EH-TBB and BDE-
209 measured higher concentrations in vehicles compared with their respective levels in homes and oﬃces. Risk
assessment estimates revealed the majority of exposure to occur in the home for both adults and toddlers in the
City of Melbourne. Generally, body weight adjusted exposure to PBDEs and NBFRs was predicted to be 1 to 2
orders of magnitude higher for toddlers than adults. Estimated rates of BDE-47, -99, -153 and -209 ingestion
were each 2 orders of magnitude or more below the USEPA's prescribed oral reference dose values (RfDs) for
typical exposure scenarios. However, exposure rates for BDE-47 and -99 reached as high as 52 and 95% of RfDs,
respectively, for adults and 4.4 and 7.4%, respectively, for toddlers in high exposure scenarios. This study
provides the ﬁrst wide-ranging survey of NBFRs in indoor dust from homes, oﬃces and vehicles in Australia and
oﬀers further evidence of human exposure to legacy and novel brominated ﬂame retardants via dust ingestion.
1. Introduction
Polybrominated diphenyl ethers (PBDEs) are organic compounds
that have been used as ﬂame retardants in a range of consumer goods
and materials made from plastics, foams and textiles since the mid-
1970s. As semi-volatile, non-reactive ﬂame retardants, PBDEs are not
chemically bound within polymers and can separate from products
during their manufacture and use (Gouteux et al., 2008; Rauert and
Harrad, 2015), or in waste streams (Wang et al., 2011; Hearn et al.,
2012). This has resulted in widespread contamination of indoor and
outdoor environments where PBDEs bind with lipid-rich substrates such
as dust particles (Bramwell et al., 2016), soil (McGrath et al., 2017a)
and sediments (Poma et al., 2014; Zhang et al., 2015). PBDEs bioac-
cumulate within aquatic and terrestrial organisms (Law et al., 2014)
and have exhibited a range of toxic properties including endocrine
disruption of the thyroid and reproductive systems (Stapleton et al.,
2011; Linares et al., 2015). PBDEs have historically been sold in three
commercial formulations known as Penta-, Octa- and Deca-BDE, which
each contain diﬀerent combinations of the 209 PBDE congeners (de-
signated BDE-1 to BDE-209). Bans and manufacture withdrawals have
been enacted to reduce the ecological and public health risks associated
with these compounds. The earliest legislative action on PBDEs related
to the Penta- and Octa-BDE products, and came into eﬀect in the Eur-
opean Union in 2004 (EU, 2003). USA manufacturers entered into a
voluntary commitment with the USEPA to phase out both mixtures by
2005 (Tullo, 2003; Stapleton et al., 2012b) and all production, import
and use of Penta- and Octa-BDE technical products were prohibited in
Australia as of 2007 (NICNAS, 2007). According to the European
https://doi.org/10.1016/j.envint.2018.01.026
Received 8 November 2017; Received in revised form 9 January 2018; Accepted 30 January 2018
⁎ Corresponding author.
E-mail address: bradley.clarke@rmit.edu.au (B.O. Clarke).
(QYLURQPHQW,QWHUQDWLRQDO²
(OVHYLHU/WG$OOULJKWVUHVHUYHG
7
McGrath, T.J. Doctoral Thesis 2018
Page 107
Commission Decision 2005/717/EC, the use of Deca-BDE was dis-
continued in electrical and electronic products after 2008 (EU, 2009;
Cruz et al., 2015), while manufacturers in the USA also committed to
cease production and import of Deca-BDE by 2013 (USEPA, 2010a).
Although Deca-BDE remains unrestricted in Australia (NICNAS, 2007),
it is not manufactured domestically. Tetra- through hepta- brominated
PBDE congeners were listed as persistent organic pollutants (POPs)
under the United Nations Stockholm Convention in 2009 (UNEP, 2009)
while addition of Deca-BDE to the registry has been proposed (UNEP,
2013).
In order to meet ﬂammability standards for goods and materials,
manufacturers have reverted to the use of replacement novel bromi-
nated ﬂame retardants (NBFRs). Decabromodiphenyl ethane (DBDPE)
is used as a replacement for Deca-BDE formulas in a broad array of
electronics, resins and textiles and 1,2-bis(2,4,6-tribromophenoxy)
ethane (BTBPE) replaces Octa-BDE, predominantly in hard plastics
(Covaci et al., 2011). The compounds 2-ethylhexyl-2,3,4,5-tetra-
bromobenzoate (EH-TBB) and bis(2-ethylhexyl) tetrabromophthalate
(BEH-TEBP) are typically combined in formulations like FireMaster 550
(FM-550) and BZ-54 for use in place of Penta-BDE for soft furnishings
such as upholstery or mattress foams (Stapleton et al., 2012b). Bromi-
nated benzenes hexabromobenzene (HBB), pentabromotoluene (PBT)
and pentabromoethylbenzene (PBEB) are often used in conjunction
with other ﬂame retardants in a variety of polymers (WHO, 1997;
Covaci et al., 2011). As a whole, these NBFRs share the semi-volatile
and non-reactive properties of PBDEs and are, consequently, detected in
the environment with increasing regularity (Covaci et al., 2011; Brits
et al., 2016).
The migration of PBDEs from ﬂame-retarded materials to indoor
dust has been experimentally observed to occur via direct contact and
abrasion of products and also as a result of volatilization and sub-
sequent deposition to dust (Rauert and Harrad, 2015; Rauert et al.,
2015). PBDEs and NBFRs have been widely detected in indoor dust
internationally, including samples from Asia (Takigami et al., 2009;
Chen et al., 2014), Africa (Harrad et al., 2016), North America (Shoeib
et al., 2012; Stapleton et al., 2014), Europe (Kalachova et al., 2012;
Newton et al., 2015) and Middle Eastern countries (Ali et al., 2013; Ali
et al., 2016). Concentrations of both the legacy and novel forms in dust
regularly exceed 1000 ng/g and PBDEs are often measured at levels in
excess of 10,000 ng/g (Harrad et al., 2008; Shoeib et al., 2012; Allgood
et al., 2017). Ingestion of contaminated indoor dust is expected to
constitute a major pathway of human exposure to PBDEs and NBFRs,
alongside dietary intake (Sahlström et al., 2015; Kim et al., 2016). Dust
ingestion is a particularly important exposure pathway for infants and
children due to behaviours that increase daily intake and the elevated
body burdens that result from lower body weights (Hoﬀman et al.,
2017; Malliari and Kalantzi, 2017).
PBDEs are widely present in human blood serum and milk samples,
while detection of NBFRs has become more commonplace in recent
years (Zhou et al., 2014; Sahlström et al., 2015; Fromme et al., 2016). A
number of studies have demonstrated signiﬁcant positive correlations
between PBDE concentrations measured in house dust and the levels
measured in the serum of their occupants (Johnson et al., 2010;
Stapleton et al., 2012a; Sahlström et al., 2015). Signiﬁcant associations
have been shown between concentrations of PBDEs, BTBPE and BEH-
TEBP in house dust and the levels of thyroid and reproductive hor-
mones in men (Johnson et al., 2013) while PBDE exposure has also been
associated with eﬀects to thyroid hormone levels of mothers during
pregnancy (Stapleton et al., 2011) and children following prenatal and
early life exposure (Jacobson et al., 2016; Leonetti et al., 2016).
Longitudinal studies have also suggested links between prenatal and
infant PBDE exposure and adverse neurodevelopmental outcomes such
as poorer attention, ﬁne motor skills and cognition (Hoﬀman et al.,
2012; Eskenazi et al., 2013). Although mechanisms are not yet fully
understood, NBFRs like BTBPE, EH-TBB and BEH-TEBP have also de-
monstrated eﬀects to hormonal activities in in vitro studies (Ezechiáš
et al., 2012; Saunders et al., 2013).
PBDEs have been found to be ubiquitous in the blood serum and
milk of Australian populations over the past two decades (Harden et al.,
2005; Toms et al., 2012; Stasinska et al., 2014). Widespread and sub-
stantial PBDE contamination of indoor dust has also been observed in
samples from the Australian States of Western Australia and Queens-
land (Toms et al., 2009; Stasinska et al., 2013). To the authors'
knowledge PBDE levels in indoor dust have not been assessed in the
City of Melbourne, Australia's second largest urban population. Fur-
thermore, despite indications that NBFRs are present in Australian
manufacturing and waste streams (McGrath et al., 2017b), the new
replacement ﬂame retardants have only been measured in a small
number of indoor dust samples (n=4) from Australia, to date (Wong
et al., 2017).
This research aims to assess the current concentrations of PBDEs and
NBFR in indoor dust from homes, oﬃces and vehicles from Melbourne,
Australia. Comparisons between diﬀerent microenvironments were
made with the objective of determining potential sources of indoor dust
contamination, while analysis of the relationships between levels of
legacy and novel compounds aims to elucidate the current composition
of brominated ﬂame retardants in Melbourne's indoor environments.
Lastly, this research provides an estimate of the current rates of ex-
posure to PBDEs and NBFRs via dust ingestion for adults and toddlers in
homes, oﬃces and vehicles in Melbourne, Australia.
2. Methods and materials
2.1. Standards and reagents
A mixed analytical standard containing eight PBDE congeners (-28,
-47, -99, -100, -153, -154, -183, and -209) and individual solutions of
PBT, PBEB, HBB, EH-TBB, BEH-TEBP, BTBPE and DBDPE were obtained
from AccuStandard (New Haven, CT, USA). Mass labeled [13C12] sur-
rogate internal standards 13C-BTBPE, 13C-BDE-47, 13C-BDE-99 and 13C-
BDE-153 were purchased from Wellington Laboratories (Guelf, ONT,
Canada) and 13C-BDE-209 from Cambridge Isotope Laboratories
(Andover, MA, USA). Internal recovery standards BDE-37 and BDE-77
were from AccuStandard.
Iso-octane, toluene, n-hexane and dichloromethane (DCM) were
each of pesticide grade from Honeywell Burdick & Jackson (Muskegon,
MI, USA); acetone from Chem Supply (Gilman, SA, Australia) was of
analytical reagent (AR) grade. Davisil silica (200–425 mesh amorphous
SiO2) was obtained from Grace Davison (Rowville, VIC, Australia),
Florisil (60–100 mesh MgSiO3) and anhydrous sodium sulfate (Na2SO4)
from Sigma Aldrich (St Louis, MO, USA) and Hydromatrix from Varian
Inc. (Santa Clara, CAL, USA). Concentrated sulfuric acid (H2SO4, 98%)
was obtained from Merck (Kilsyth, VIC, Australia). All adsorbents were
activated by heating to 130 °C for 16 h prior to use. Silica was further
treated by addition of concentrated sulfuric acid and thoroughly mixed
for 4 h on a rotary shaker at 320 rpm to produce 10%w/w acid silica.
Nylon sampling ﬁlter bags (155mm× 73mm, 25 μm pore size) were
purchased from Filter Fabrics (Hornsby, NSW, Australia) and deconta-
minated by sonicating in acetone for three cycles of 20 min.
2.2. Sampling and sample extraction
A total of 57 indoor dust samples were collected from 12 homes
(H1−12), eight oﬃces (O1–8) and eight vehicles (V1–8) in the city of
Melbourne, Australia (see Table S6 for sample details). In September
2016 single samples were taken from one bedroom and one living room
at each home, two samples from each oﬃce and a single sample from
the interior of each vehicle. Homes investigated were selected only on
the basis that they were full-time residential dwellings and included
both apartments and detached houses and all vehicles were privately
owned passenger vehicles. Oﬃce's chosen were each large, open
planned spaces with multiple computer workstations (typically> 20).
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At oﬃces O3, O5 and O6 the mass of dust per sample was insuﬃcient
for extraction and dual samples were pooled together to form a single
sample from each of these oﬃces. One home (H1), one oﬃce (O2) and
one vehicle (V2) were re-sampled from the same area as original dust
collection following an interval of two months in order to assess tem-
poral variations in PBDE and NBFR concentrations. An extra two
samples were collected at this time from the home (H1) and the oﬃce
(O2), totaling four samples from each, to investigate spatial variation.
Dust was sampled with a Volta Sierra 2200W domestic vacuum cleaner
using the upholstery cleaning attachment with a nylon ﬁlter bag ﬁtted
to the inlet. The cleaning attachment and inlet were each thoroughly
cleaned using disposable hand-wipes impregnated with isopropyl al-
cohol between every sample. In homes and oﬃces, dust was collected
from carpeted ﬂoors by vacuuming 1m2 for 2min, and from hard
surfaced ﬂoors by vacuuming 4m2 for 4min. Bedrooms and living
rooms were sampled from the centre of the room while oﬃce samples
were collected from open areas at each end of the workspace. In ve-
hicles, the front dashboard area, doors and seats were vacuumed for
2min. Nylon ﬁlters were removed from the vacuum inlet immediately
after sampling and placed in 25mL glass vials with PTFE lined lids.
Samples were then stored in darkness at −20 °C until analysis.
Dust was sieved through a 150 μm stainless steel mesh and homo-
genized using a mortar and pestle. Selective pressurized liquid extrac-
tion (S-PLE) of all samples was performed using a Dionex Accelerated
Solvent Extraction system (ASE 200) according to methods modiﬁed
from those described by McGrath et al. (2016). Brieﬂy, 33 mL stainless
steel extraction cells contained, from bottom to top, a cellulose ﬁlter,
3 g of Florisil, 6 g of 10%w/w acid silica, 3 g sodium sulfate, another
cellulose ﬁlter followed by a nominal mass of 100mg dust thoroughly
mixed with 2 g sodium sulfate and 1 g of Hydromatrix. Prior to ex-
traction, 5 ng of 13C–BDE-47, 13C-BDE-99 and 13C-BDE-153, 20 ng of
13C-BTBPE and 100 ng of 13C-BDE-209 were spiked directly into the
dust sample homogenate for use as internal surrogate standards. Ex-
traction was performed at 100 °C and 1500 psi (~10.34MPa) using a
95:5 mixture of DCM/hexane and entailed 3 cycles of 5min static time
and 60% ﬂush volume followed by a ﬁnal 90 s nitrogen purge. Extracts
were evaporated to dryness under a gentle nitrogen stream at 20 °C and
reconstituted with 100 μL of an 80:20 mixture of iso-octane/toluene
containing 100 ng/mL BDE-37 and BDE-77 internal recovery standards
in amber GC vials with 250 μL glass inserts.
2.3. Instrumental analysis and quantitation
Analysis of target compounds was performed using an Agilent
7000C gas chromatograph coupled to a triple quadrupole mass spec-
trometer (GC–MS/MS) operated in electron ionization (EI) mode. An
Agilent DB-5MS column (15m× 180 μm internal diameter, 0.18 μm
ﬁlm thickness) was used for all analytes with pulsed splitless injections
of 2 μL delivered using an ultra-inert dimpled liner. The initial inlet
temperature was 100 °C for 0.2 min before ramping at 900 °C/min to
330 °C. The oven temperature was 80 °C for 1min, then ramped at a
rate of 37.5 °C/min to 230 °C and then 30 °C/min to 325 °C. The tem-
perature of the transfer line was 325 °C, the ion source 280 °C, and each
quadrupole 150 °C. Helium was used as the carrier gas at a ﬂow rate of
1.8 mL/min for 8.25min before increasing at 100mL/min to 4mL/min.
Analytes were determined by retention time and two ion transitions.
Positive identiﬁcation was reliant on compound retention time falling
within±5% of those in analytic standards, the signal to noise ratio (S/
N) of both ion transitions exceeding 3:1 and the abundance ratio be-
tween transitions being within±20% of standard measurements.
Quantitation was performed by isotope dilution using the most abun-
dant ion transition where S/N exceeded 10:1. The mass spectral ac-
quisition parameters and internal surrogate standards for each com-
pound are listed in Table S2 and Table S3, respectively. Interrogation of
chromatograms and QA/QC tests (described in Section 2.4) revealed
that BEH-TEBP was not subject to the same matrix eﬀects as the
available internal standards and, therefore, semi-quantitative values
have been calculated without internal surrogate standard correction.
BEH-TEBP concentrations have been provided within in the Supple-
mentary Information document to serve only as an indication of BEH-
TEBPs presence and relative magnitude in dust samples. Five-point
calibration curves containing all target analytes and each internal
standard at its corresponding sample spike concentration were prepared
in iso-octane/toluene (80:20 v/v). Linear regression lines ﬁt the cali-
bration standards with R2 > 0.99 for all compounds (Table S3) except
for BEH-TEBP (R2= 0.985).
2.4. Quality assurance and quality control (QA/QC)
All reasonable steps were taken to minimize contamination and
analyte degradation within the sampling and analytical method. All
equipment was rinsed with acetone and glassware baked for 16 h at
550 °C prior to use. Samples and extracts were kept in darkness at
−20 °C during processing. Field blanks were collected with every 10
samples by sampling pre-furnaced sodium sulfate from a clean piece of
aluminium foil using the modiﬁed vacuum described in Section 2.2. A
method blank, laboratory control sample (LCS) and duplicate sample
analysis were processed with every 10 dust samples. Method blanks
were extracted and processed by the same protocol as dust samples with
no sample present. LCSs were prepared by spiking 0.1 g of Hydromatrix
sorbent material with a known amount of each target analyte (10 ng of
BDEs -28, -47, -99, -100, -153, -154 and -183, PBT, PBEB and HBB,
20 ng of EH-TBB and BTBPE, 50 ng of BEH-TEBP, 100 ng of BDE-209
and 200 ng of DBDPE) and then extracted and quantiﬁed by the same
analytical protocols as dust samples. The accuracy and precision of
repeated LCS measurements was then determined by comparison with
expected spiked concentration.
Trace level contamination was observed in method blanks for some
compounds. Accordingly, method detection and quantitation limits
(MDLs and MQLs) were set to meet 95 and 99% conﬁdence intervals,
respectively, above the mean contamination levels in method blanks.
Field blank analysis revealed there to be no contamination contribution
from the sampling methods. LCSs showed excellent accuracy with low
standard deviations for all target analytes (Table S4). Good agreement
between duplicate analyses was typically observed (Table S5). Internal
surrogate recovery of 13C-BDE-47, 13C-BDE-99, 13C-BDE-153 and 13C-
BDE-209 and 13C-BTBPE met the limits described by USEPA Method
1614 for PBDE quantitation (USEPA, 2010b) with mean ± standard
deviation recoveries of 77 ± 5%, 70 ± 7%, 99 ± 14%, 131 ± 22%
and 68 ± 29%, respectively.
2.5. Statistical analysis
All statistical calculations were performed in Microsoft Excel 2016
and Minitab 17. Statistical calculations were only carried out for
compounds which had numerical measurements (>MQL) for> 50% of
samples. Measurements reported as nd and<MQL have been assigned
values of zero and half the MQL, respectively, for statistical calcula-
tions. Probability plots revealed that the data ﬁtted neither normal nor
lognormal distributions at the 95% conﬁdence level and therefore the
non-parametric Kruskal-Wallis test was used to assess variances.
Spearman correlations and variance analyses were computed using a
statistical signiﬁcance level of 95%.
Estimates of daily exposure to PBDEs and NBFRs were calculated
using the following equation;∑
= + +
Exposure via dust ingestion (ng/kg bw/day)
[(C F ) (C F ) (C F )]I
Body Weight
H H O O V V R
where CH, CO and CV are the analyte concentrations in homes, oﬃces
and vehicles, respectively, FH, FO and Fv are the proportions of time
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spent in homes, oﬃces and vehicles, respectively and IR is the daily dust
ingestion rate. Exposure estimates have been computed using 5th per-
centile, median and 95th percentile concentrations for each environ-
ment and diﬀerentiate adults (19+ years) and toddlers (6 to
24months). The proportion of time spent in homes, oﬃces, vehicles
and outside (negligible exposure) were designated as 69, 22, 4 and 5%,
respectively, for adults and 91, 0, 4 and 5% for toddlers (Harrad et al.,
2006; Besis and Samara, 2012; De Wit et al., 2012). Time spent in
bedrooms and living rooms were not diﬀerentiated in risk assessment
calculations on the basis that no statistical diﬀerences in analyte con-
centrations were determined between these environments. Average and
high dust intake scenarios were calculated using mean dust ingestion
rates of 20mg/day for adults and 50mg/day for toddlers and high in-
gestion rates of 50mg/day and 200mg/day for toddlers (Ali et al.,
2013; Harrad et al., 2016). Body weights of 70 and 12 Kg were assigned
for adults and toddlers, respectively (EFSA, 2012). As in previous stu-
dies (De Wit et al., 2012; Ali et al., 2013; Hassan and Shoeib, 2015),
100% uptake of all compounds has been assumed in exposure estimates
due to a lack of evidence regarding bioavailability of PBDEs and NBFRs.
Although it is acknowledged that this may lead to an overestimation of
exposure, this approach has been chosen to provide a conservative as-
sessment of risk.
In all cases ∑PBDEs refers to the sum of analysed PBDEs (BDE-28,
-47, -99, -100, -153, -154, -183 and -209), ∑NBFRs refers to the sum of
PBT, PBEB, HBB, EH-TBB, BTBPE and DBDPE and ∑Penta-BDE refers to
the sum of PBDE congeners from commercial Penta-BDE formulations
(BDEs -47, -99, -100, -153 and -154). BEH-TEBP concentrations re-
ported in the Supplementary Information have not been used in any
form of statistical analyses.
3. Results and discussion
3.1. Polybrominated diphenyl ethers (PBDEs)
Summary statistics for the concentrations of PBDEs in dust samples
are presented in Table 1 and individual sample measurements are
shown in Tables S7 and S8. PBDEs were detected in 100% of samples
with an overall median ∑PBDE concentration of 2100 ng/g and range of
120 to 1700,000 ng/g (n= 45). Each of the eight congeners analysed
was detected in at least 50% of samples while BDE-209 and each of the
Penta-BDE congeners (BDE-47, -99, -100, -153 and -154) were present
in> 90% of samples. BDE-209 was the dominant congener, ranging
from nd to 46,000 ng/g (median 1700 ng/g), and contributing an
average of 71± 34% to total PBDE contamination in dust samples.
BDE-209 is typically the most abundant congener in indoor dust sam-
ples (Newton et al., 2015; Venier et al., 2016; Al-Omran and Harrad,
2017) owing to an estimated historical global demand for commercial
Deca-BDE, roughly 7.5 times that of Penta-BDE formulas and 15 times
that of Octa-BDE in 2001 (BSEF, 2003). Constituents of the commercial
Penta-BDE mixtures were the next most prevalent congeners in Mel-
bourne's indoor dust with median concentrations of BDE-99 > BDE-
47 > BDE-100 > BDE-153 > BDE-154 at 130, 83, 24, 13 and 9.3 ng/
g, respectively. This pattern was also reﬂected in order of relative
abundance among the Penta-BDEs with overall average ± standard
deviation contributions of 14 ± 17%, 8.0 ± 12%, 2.5 ± 2.9%,
1.1 ± 1.3% and 0.9 ± 1.2% to ∑PBDEs for BDE-99, BDE-47, BDE-100,
BDE-153 and BDE-154, respectively. The proportions of Penta-BDE
congeners in contaminated dust were broadly similar to those in com-
mercial formulas such as DE-71 and Bromkal 70-5DE, which contain
BDE- 99: 47: 100: 153: 154 ratios of approximately 10: 8: 2: 1: 1 (La
Guardia et al., 2006). BDE-28 and BDE-183 were generally detected at
trace levels<MQL. This, again, is reﬂective of the very small amounts
of BDE-28 in Penta-BDE commercial formulas (< 0.25%) (La Guardia
et al., 2006) and lower historical market place demands for the Octa-
BDE products from which BDE-183 originate (BSEF, 2003).
∑PBDE concentrations in the current study were considerably higher
than those reported in samples from the Australian State of Queensland,
which ranged from 87 to 733 ng/g ∑26PBDEs (median 294 ng/g) in
homes (n=5) and 583 to 3070 ng/g (median 1268 ng/g) in oﬃces
(n= 4) (Toms et al., 2009). Direct comparisons are impeded by the
limited number of Queensland samples although the disparity may be
related to long-term temporal trends since samples were collected by
Toms et al. (2009) roughly 12 years earlier than those of the present
study. ∑7PBDE levels in residential samples from Western Australia
(n= 30) were also lower than those of the present study, ranging 60.4
to 82,400 ng/g (median 571 ng/g) (Stasinska et al., 2013). Overall,
median ∑PBDE concentrations in indoor dust from Melbourne were 1 to
2 orders of magnitude greater than measurements from Germany
(Brommer et al., 2012; Fromme et al., 2014), Turkey (Civan and Kara,
2016), Portugal (Coelho et al., 2016) and Nigeria (Harrad et al., 2016)
but of a similar order to concentrations reported from Spain (Cristale
et al., 2016), Canada (Shoeib et al., 2012), United Kingdom (Harrad
et al., 2008; Kuang et al., 2016) and the USA (Batterman et al., 2010;
Dodson et al., 2012).
Of the diﬀerent indoor environments studied, oﬃces contained the
greatest median levels of ∑Penta-BDE dust contamination at 560 ng/g
followed by vehicles and then homes with median concentrations of
390 ng/g and 160 ng/g, respectively. The diﬀerence between oﬃces
and homes was statistically signiﬁcant for ∑Penta-BDE concentrations
(p= 0.044). Penta-BDE mixtures are typically associated with soft
furnishings such as couch foam or mattresses due to their application in
polyurethane foams (Stapleton et al., 2012b) but have also been iden-
tiﬁed in the hard plastics of consumer electronics (Kajiwara et al., 2011;
Ballesteros-Gómez et al., 2014). A high density of electronic items is
likely to be responsible for the higher levels in oﬃces. PBDE emissions
from desktop computers may also be enhanced by elevated operating
temperatures and internal ventilation fans (Kemmlein et al., 2003;
Cahill et al., 2007). Of particular note, two of the oﬃce spaces recorded
exceptionally high ∑Penta-BDE concentrations of 640,000 and
1700,000 ng/g (Oﬃce 1) and 190,000 and 210,000 ng/g (Oﬃce 2).
BDE-28 and BDE-183 were also present in these samples at considerable
levels ranging 440 to 860 ng/g and 270 to 920 ng/g, respectively, de-
spite neither congener exceeding ~30 ng/g in any other sample. BDE-
209, however, was not especially elevated. Oﬃce 2 was resampled after
two months for temporal duplicate analysis, measuring ∑Penta-BDE
levels of 160,000 and 330,000 ng/g while a further two samples col-
lected within the space contained 110,000 and 170,000 ng/g ∑Penta-
BDEs (Fig. S2, Table S9). Oﬃces 1 and 2 contained a similar density of
electronic and PUF items as other workplaces, though the ∑Penta-BDE
levels may be related to visible deterioration of the carpet ﬂooring.
Concentrations of ∑Penta-BDE and other ﬂame retardants were re-
portedly elevated in dust from homes with “extremely worn carpet” in
California, USA (Castorina et al., 2017). Instances of particularly ele-
vated PBDE concentrations have been described by Harrad et al.
(2008), who reported BDE-209 levels exceeding 1000,000 ng/g in two
homes and one car from the UK. ∑Penta-BDE levels> 100,000 ng/g
were also determined in dust of a University campus in the USA
(Allgood et al., 2017).
The distribution of BDE-209 between indoor environments diﬀered
from other congeners, with median concentrations signiﬁcantly higher
(p= 0.009) in dust from vehicles (9500 ng/g dw) than homes
(1100 ng/g) and oﬃces (1500 ng/g). Although the four highest BDE-
209 measurements were each recorded in vehicles notably high con-
centrations were also present in each of the other indoor environments
including a residential bedroom sample containing 13,000 ng/g BDE-
209. Other studies have reported BDE-209 concentrations to be higher
in cars than other indoor environments (Harrad et al., 2008; Ali et al.,
2013). The interior of automobiles are largely constructed from syn-
thetic materials likely to contain ﬂame retardants, while further puta-
tive sources such as navigation systems or digital screens are often
present (Gevao et al., 2016). Interior temperatures can also exceed
60 °C in unoccupied parked cars, resulting in enhanced volatile
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emissions (Manning and Ewing, 2009).
3.2. Novel brominated ﬂame retardants (NBFRs)
At least one NBFR was identiﬁed in every dust sample analysed in
this study. Compounds PBT, HBB, EH-TBB, BTBPE and DBDPE were
detected in samples from each indoor environment with overall ∑NBFR
concentrations ranging 1.1 to 10,000 ng/g (median 1800 ng/g). PBEB
was not detected in any sample. EH-TBB and DBDPE were the most
frequently detected compounds, identiﬁed in 93% and 80% of overall
samples, respectively, while all NBFRs were detected in>30% of
samples, except for PBEB. DBDPE was the dominant NBFR and varied
little between microenvironments with concentrations ranging nd to
9000 ng/g (median 1600 ng/g) in homes, nd to 10,000 ng/g (median
1900 ng/g) in oﬃces and nd to 3900 ng/g (median 1900 ng/g) in ve-
hicles. DBDPE is among the most versatile NBFRs with studies revealing
its presence in a variety of electrical and electronic equipment (Chen
et al., 2010; Kajiwara et al., 2011), insulation foams (Kierkegaard et al.,
2004), rubber (Chen et al., 2009) and even plastic kitchen utensils
(Samsonek and Puype, 2013; Puype et al., 2015). Global manufacture
estimates of 100,000–180,000 t/y (Harju et al., 2009) suggest a higher
recent demand for DBDPE than other NBFRs. Indeed, DBDPE was pre-
sent in dust at levels 2 to 3 orders of magnitude greater than other
NBFRs in this study. The median DBDPE concentrations measured in
dust from Melbourne indoor environments were generally about 1 to 2
orders of magnitude higher than those from Europe and North America
(Ali et al., 2011; Fromme et al., 2016; Venier et al., 2016) although
similar levels were reported in some studies from Sweden (Sahlström
et al., 2012), USA (La Guardia and Hale, 2015) and China (Wang et al.,
2010; Cao et al., 2014). The greater levels determined in Melbourne
may be related to imported electronic goods from China or Japan,
which often contain high proportions of DBDPE (Chen et al., 2010;
Kajiwara et al., 2011). To the authors knowledge, DBDPE has only been
measured in four Australian dust samples previously. These samples
contained DBPDE concentrations consistent with the present study
ranging 250 to 4700 ng/g (Wong et al., 2017).
EH-TBB ranged from nd to 580 ng/g in overall samples with a
median concentration of 21 ng/g. EH-TBB levels were similar between
homes and oﬃces, ranging from nd to 370 ng/g (median 19 ng/g) and
nd to 230 ng/g (median 20 ng/g), respectively, while concentrations
measured in dust from vehicles were higher by a statistically signiﬁcant
margin (p=0.009), ranging 8.3 to 580 ng/g (median 110 ng/g). The
prevalence of EH-TBB in vehicles corresponded with 100% identiﬁca-
tion of BEH-TEBP, compared with detection frequencies of 54% and
46% BEH-TEBP in homes and oﬃces, respectively (Tables S7, S8). EH-
TBB and BEH-TBB are both present in commercial ﬂame retardant
mixtures FireMaster 550 and FireMaster BZ-54, which are marketed as
replacements for Penta-BDE formulas in soft polymer materials like
neoprene, rubber and polyurethane foams (Harju et al., 2009; Bearr
et al., 2010; EFSA, 2012). These materials are used in many soft fur-
nishings like couches and mattresses within homes and oﬃces and are
also common to the interior of cars as upholstery, door linings and ﬂoor
coverings. A study of Egyptian indoor dust found EH-TBB concentra-
tions to be higher in cars (median 5.81 ng/g) than homes (median
0.81 ng/g) but determined the greatest levels within oﬃce spaces
(median 7.14 ng/g) (Hassan and Shoeib, 2015). Compared with the
current study, concentrations of the FireMaster constituents were
higher in USA homes (Stapleton et al., 2008) and Kuwaiti homes and
cars but slightly lower in Pakistani homes and cars (Ali et al., 2013).
Strict ﬂammability standards for polyurethane foams in the USA may be
a driver of the higher levels of EH-TBB in the region (Stapleton et al.,
2012b).
BTBPE was detected at low levels in 31% of samples overall with
concentrations only exceeding the MQL in three samples, each from
residential locations. As a replacement product for Octa-BDE mixtures,
BTBPE is typically used in the hard plastics of electronic and electrical
equipment (Harju et al., 2009; Ballesteros-Gómez et al., 2014). Despite
the generally low prevalence of BTBPE in dust from Melbourne, sub-
stantial concentrations of 98 and 73 ng/g were recorded in matched
bedroom and living room samples from a single home. These ﬁnding
suggest a common source of BTBPE to these rooms which may be re-
lated to interior construction materials of the home. While BTBPE is
commonly detected in indoor dust, international studies have generally
reported lower levels of BTBPE than other NBFRs (Fromme et al., 2016;
Venier et al., 2016) likely owing to low production volumes in the USA
(Hoh et al., 2005) and EU (ECHA, 2015).
PBT and HBB were each detected in around half of all samples with
low maximum concentrations of 9.0 and 16 ng/g, respectively. No
signiﬁcant distinction in levels was observed for either compound be-
tween homes, oﬃces or vehicles. HBB levels were broadly similar to
those reported by Dodson et al. (2012) in house dust from the USA and
slightly lower than Canadian dust concentrations (Fan et al., 2016).
3.3. Comparisons and correlations between PBDEs and NBFRs
Summary concentrations and relative abundances for the most
prevalent ﬂame retardant formulations (∑Penta-BDE, EH-TBB, BDE-209
and DBDPE) are presented in Fig. 1 and Fig. 2, respectively. Overall,
BDE-209 contributed the greatest average (± standard deviation)
proportion to total measured brominated ﬂame retardant concentra-
tions, 46 ± 32%, followed by DBDPE, ∑Penta-BDE and EH-TBB with
contributions of 35 ± 31%, 17 ± 29% and 1.5 ± 2.5%, respectively.
This was also the order of average relative abundance for speciﬁc mi-
croenvironment categories of homes and vehicles while oﬃces con-
tained proportions in the order DBDPE > ∑Penta-BDE > BDE-
209 > EH-TBB. Considering its function as an emerging replacement
compound, it is signiﬁcant to note that DBDPE concentrations were, on
average, approximately twice that of BDE-209 in the dust of oﬃces.
Median DBDPE concentrations also exceeded those of BDE-209 in of-
ﬁces and homes, though the distinction was not statistically signiﬁcant.
DBDPE and BDE-209 have analogous physicochemical properties
(ATSDR, 2004; Covaci et al., 2011) and are likely to share a similar
propensity to migrate from consumer goods and contaminate dust.
These results suggest DBDPE has replaced Deca-BDE in a substantial
proportion of goods and furnishings being manufactured in, or im-
ported to, Australia. A higher turnover of oﬃce computers and furni-
ture than is typical within homes or cars may have accelerated the
transition to DBDPE-treated goods in Melbourne's oﬃces. A greater
quantity and diversity of ﬂame retarded products in oﬃces may also
have contributed to elevated DBDPE dust concentrations. Use of the
Deca-BDE formulas, from which BDE-209 derives is expected to be in
decline after the EU introduced restrictions in 2008 (EU, 2009) and
manufacturers in the USA agreed to phase-out production of Deca-BDE
by 2013 (USEPA, 2010a). Indeed, a steady growth in Japanese DBDPE
consumption from 0 t/y prior to 1993 up to 4500 t/y by 2001 was
matched by a decline in Deca-BDE usage of approximately 75% over a
similar period (Watanabe and Sakai, 2003). While no information is
currently available regarding DBDPE import or usage in Australia, de-
tection of the compound in soils near polymer manufacturers in the city
of Melbourne suggests that raw DBDPE has been used locally in the
secondary production of goods (McGrath et al., 2017b). Analysis of
electronic components and other polymers has revealed that DBDPE
and Deca-BDE are often both applied within the same materials (Chen
et al., 2009; Chen et al., 2010; Kajiwara et al., 2011).
Concentrations of ∑Penta-BDE in indoor dust were generally about
an order of magnitude below those of BDE-209 and DBDPE, while EH-
TBB levels were an order of magnitude lower again. The median con-
centrations of ∑Penta-BDE exceeded those of EH-TBB in homes and
oﬃces by a substantial margin but to a lesser extent in vehicles. A small
sample size and restricted range of car production dates (1999–2015)
meant that no statistical diﬀerence in ∑Penta-BDE and EH-TBB con-
centrations could be discerned between vehicles manufactured pre- or
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post- Penta-BDE bans. Interestingly, Stapleton et al. (2012b) recorded a
rise in the detection rate of the FM-550 components (including EH-TBB)
from 5% in couches purchased in the USA prior to the 2005 penta-BDE
phase-out to 18% in products bought during or after 2005. This coin-
cided with Penta-BDE detection rates declining from 39% in pre-2005
couches to 2% in the couches purchased post-2005. It appears that
while EH-TBB is present roughly the same quantities in many cars, the
majority of products and materials in Melbourne's homes and oﬃces
still contain greater levels of Penta-BDE. Abbasi et al. (2015) calculated
that the quantity of PBDEs present in “in-use” items peaked in around
2004 for Penta- and Octa-BDEs and approximately 2008 for Deca-BDEs
in the USA and Canada. The analyses estimated that total PBDEs ‘in-use’
began to decline between 2004 and 2013 as products entered the
“waste-phase” and predicted the trend to continue at a rate of 7 to 15%
Fig. 1. Concentrations of PBDEs and NBFRs in indoor dust (ng/g) from homes, oﬃces and vehicles in Melbourne, Australia. ∑Penta-BDE= sum of BDE-47, -99, -100, -153 and -154.
Fig. 2. Relative abundances (%) of PBDEs and NBFRs in indoor dust samples from homes, oﬃces and vehicles in Melbourne, Australia. ∑Penta-BDE= sum of BDE-47, -99, -100, -153 and
-154. Oﬃce samples 3A, 5A and 6A represent analysis of pooled samples (A+B) from these locations.
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from 2013 to 2020.
Strong correlations were observed in dust between compounds
which originate from diﬀerent commercial ﬂame retardant formula-
tions to provide evidence that consumer items likely contain a mixture
of PBDEs and NBFRs (Fig. S3). For example, HBB was positively cor-
related with Penta-BDE congeners BDE-100 (p= 0.034) and BDE-153
(p=0.042) as well as BDE-209 (p=0.015). DBDPE was also strongly
associated with BDE-47 (p= 0.028) and BDE-100 (p= 0.033).
Interestingly, no signiﬁcant correlations were determined between
certain PBDEs and the NBFRs that replace them, i.e. BDE-209 and
DBDPE or Penta-BDEs and EH-TBB. This may suggest that PBDE pro-
ducts and their respective NBFR replacements do not necessarily share
common sources to dust from particular ﬂame retarded products after
all. Intra-house and intra-oﬃce variation assessments shown in Table
S9 and Fig. S2 appear to support this concept. PBDE and NBFR com-
positions varied considerably within a single home and single oﬃce,
perhaps in response to the heterogeneous mix of ﬂame-retarded pro-
ducts within these spaces.
3.4. Implications for human exposure
Exposure to BFRs via dust ingestion was estimated for adults and
toddlers in the city of Melbourne using 5th percentile, median and 95th
percentile concentrations measured in samples (Table 2, Fig. 3). As-
sessments based on median concentrations in dust reveal the majority
(> 60%) of ∑PBDEs and ∑NBFRs exposure to occur in the home for both
adults and toddlers. The same was true for calculations using 95th
percentile concentrations except for adult exposure to ∑PBDEs, which
was greatest in oﬃces (> 90%). Overall, ∑PBDEs exposure on a body
weight adjusted basis (ng/kg bw/day) exceeded that of ∑NBFRs for
adults and toddlers at 5th percentile, median and 95th percentile con-
centrations by up to 2 orders of magnitude. On the other hand, rates of
exposure to DBDPE were marginally higher than BDE-209 for both age
groups according to median and 95th percentile predictions (Table 2)
indicating that the replacement compound presents a comparable ex-
posure risk to that of the restricted Deca-BDE component. ∑Penta-BDE
ingestion rates were substantially higher than EH-TBB exposure in all
scenarios. In general, predicted rates of exposure for BDE-209 and
DBDPE were each 1 to 2 orders of magnitude greater than those of
∑Penta-BDE and EH-TBB. More highly brominated ﬂame retardants
have typically presented the greatest exposure risks via dust ingestion
due to stronger partitioning to dust (Sahlström et al., 2014; Bramwell
et al., 2017).
This assessment reveals that toddlers typically experience a dust
ingestion-derived PBDE and NBFR body burden approximately 1 to 2
orders of magnitude greater than adults in Melbourne, Australia. In
addition to having body weights ﬁve to 10 times lower than adults,
toddlers are likely to ingest greater quantities of dust due to mouthing
of objects and spending more time in contact with carpets or ﬂooring
where dust settles (USEPA, 2011). PBDE concentrations in house-dust
have been observed to correlate strongly with samples taken from the
surface of childrens' hands (Stapleton et al., 2014) while behaviour such
as licking ﬁngers have been associated with increased PBDE serum le-
vels (Hoﬀman et al., 2017).
A comprehensive survey of PBDEs in Australian foods conducted by
FSANZ (2007) estimated mean intakes of 10 to 32 ng/kg bw/day and 76
to 83 ng/kg bw/day for infants aged 9months and children aged 2–5 y,
respectively. This suggests that median level exposure to PBDEs via dust
ingestion (9.0 and 36 ng/kg bw/day for mean and high dust ingestion
rates, respectively) may be approximately equivalent to dietary intake
for Australian babies aged 9months and approaching similar rates of
intake for 2–5 year olds. This is also supported by a more recent in-
vestigation of dietary intake of PBDEs by Australian infants, which
suggested dust to be the greater exposure pathways for the younger
demographic (Toms et al., 2016). Median PBDE ingestion rates via dust
estimated for adults in this study (0.64 and 1.6 ng/kg bw/day mean and
high dust ingestion rates, respectively) were 1 to 2 orders of magnitude
below mean dietary exposure rates calculated by FSANZ (2007)
(25–27 ng/kg bw/day).
In comparison to PBDE exposure rates estimated by Fromme et al.
(2016), median daily exposure to PBDEs via dust ingestion in Mel-
bourne indoor environments were higher than those of German and UK
populations, but broadly similar to the USA. Rates of exposure to
DBDPE, BTBPE, EH-TBB and BEH-TEBP based on median indoor dust
concentrations and mean ingestion rates in New Zealand homes were
all< 0.01 ng/kg bw/day for adults and each below 0.05 ng/kg bw/day
for toddlers (Ali et al., 2012). Similar rates of NBFR exposure have,
however, been reported in a number of studies (Harrad et al., 2008;
Sahlström et al., 2015).
In order to assess the potential health risks associated with the
ﬁndings of this study, estimated rates of exposure via dust ingestion for
Melbourne's population were compared with the USEPA's prescribed
oral reference dose values (RfDs) for ingestion of PBDEs (USEPA, 2008).
The USEPA's RfD values of 100, 100, 200 and 7000 ng/kg bw/day for
BDE-47, -99, -153 and -209, respectively, have been derived from
toxicological studies and represent the maximum allowable daily intake
of these congeners, over a life time, which is unlikely to result in ad-
verse health outcomes. In this respect, median ingestion rates of BDE-
47, BDE-99, BDE-153 and BDE-209 were each 2 orders of magnitude or
more below the USEPA's prescribed limits for adults and toddlers at
both the mean and high dust ingestion rate predictions. Estimated daily
intake of Penta-BDE congeners BDE-47, -99 and -153 at 95th percentile
Table 2
Estimated total intake (ng/kg bw/day) of PBDEs and NBFRs via dust ingestion for adults and toddlers in Melbourne, Australia.
Compound Adults Toddlers
Mean dust ingestiona High dust ingestionb Mean dust ingestiona High dust ingestionb
5th Median 95th 5th Median 95th 5th Median 95th 5th Median 95th
∑Penta-BDE 0.02 0.07 67 0.04 0.18 170 0.19 0.68 3.8 0.76 2.7 15
EH-TBB <0.01 0.01 0.03 < 0.01 0.02 0.07 0.01 0.09 0.40 0.03 0.36 1.6
BDE-209 0.11 0.41 1.7 0.26 1.0 4.3 2.0 5.6 23 7.8 22 93
DBDPE 0.07 0.45 1.9 0.16 1.1 4.7 0.08 6.3 25 0.33 25 99
∑PBDEs 0.14 0.64 69 0.34 1.6 170 2.3 9.0 46 9.3 36 180
∑NBFRs 0.07 0.47 1.9 0.18 1.2 4.8 0.17 6.60 25 0.67 26 100
5th, median and 95th columns refer to environment-speciﬁc 5th percentile, median and 95th percentile concentrations of PBDEs and NBFRs used for exposure calculations.
∑Penta-BDE= sum of BDE-47, -99, -100, -153 and -154.
∑PBDEs= sum of BDE-28, -47, -99, -100, -153, -154, -183 and -209.
∑NBFRs= sum of PBT, PBEB, HBB, EH-TBB, BTBPE and DBDPE.
a Mean dust ingestion rate=20mg/day for adults and 50mg/day for infants.
b High dust ingestion rate= 50mg/day for adults and 200mg/day for infants.
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concentrations and high dust ingestion rate scenarios did, however,
reach 52, 95 and 3.9% of RfDs, respectively for adults and 4.4, 7.4 and
0.41%, respectively, for toddlers. It should be noted that the USEPAs
RfDs have not been updated since 2008 to include recent research de-
tailing sensitive toxicological endpoints relating to endocrine disrup-
tions and that at least one RfD value has been proposed for BDE-99
(0.26 ng/kg bw/day) which is several orders of magnitude below that of
the USEPA's (Bakker et al., 2008). Toxicological data regarding NBFRs
is currently insuﬃcient to derive robust RfD values for the assessment
of health outcomes. As the total exposure to NBFRs in the city of Mel-
bourne approximates PBDE exposure rates, ongoing monitoring of
NBFRs in indoor dust is strongly warranted.
4. Conclusion
This study provides the ﬁrst wide-ranging survey of NBFRs in indoor
dust from homes, oﬃces and vehicles in Australia and oﬀers further
evidence of PBDE contamination in indoor environments. While PBDE
contamination remains greater than that of replacement ﬂame re-
tardants, NBFRs were ubiquitously identiﬁed in indoor dust samples
from the City of Melbourne, Australia. Key ﬁndings within this study
suggest that the use of Deca-BDE mixtures has been succeeded by
DBDPE in materials from homes and oﬃces. Likewise, replacement
products containing EH-TBB appear to have been applied in the com-
ponents of vehicle interiors at similar levels to legacy Penta-BDE mix-
tures. Exposure estimates calculated from the concentrations measured
in dust revealed the majority of exposure to occur in the home for both
adults and toddlers while toddlers were predicted to experience a dust-
derived body burden of PBDEs and NBFRs 1 to 2 orders of magnitude
above that of adults. As banned PBDE mixtures continue to be replaced
by NBFRs in the consumer goods and materials populating Melbourne's
indoor environments, ongoing environmental monitoring and tox-
icological studies are required in order to better assess the risks to
human health.
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Table S1. Compound abbreviations. 
Compound 
Class 
Abbreviation Compound Name 
PBDEs BDE-28 2,4,4′-Tribromodiphenyl ether 
 BDE-47 2,2′,4,4′-Tetrabromodiphenyl ether  
 BDE-99 2,2′,4,4′,5-Pentabromodiphenyl ether 
 BDE-100 2,2′,4,4′,6-Pentabromodiphenyl ether 
 BDE-153 2,2′,4,4′,5,5′-Hexabromodiphenyl ether 
 BDE-154 2,2′,4,4′,5,6′-Hexabromodiphenyl ether 
 BDE-183 2,2′,3,4,4′,5′,6-Heptabromodiphenyl ether 
 BDE-209 Decabromodiphenyl ether 
 BDE-37a 3,4,4′-Tribromodiphenyl ether 
 BDE-77a 3,3′,4,4′-Tetrabromodiphenyl ether 
Carbon-
Labeled 
PBDEs 
13C-BDE-47a 2,2′,4,4′-Tetrabromo[13C12]diphenyl ether  
13C-BDE-99a 2,2′,4,4′,5-Pentabromo[13C12]diphenyl ether 
13C-BDE-153a 2,2′,4,4′,5,5′-Hexabromo[13C12]diphenyl ether 
13C-BDE-209a Decabromo[13C12]diphenyl ether 
NBFRs PBT pentabromotoluene 
 PBEB pentabromoethylbenzene 
 HBB hexabromobenzene 
 EH-TBB 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 
 BEH-TEBP bis(2-ethylhexyl) tetrabromophthalate 
 BTBPE 1,2-bis(2,4,6-tribromophenoxy)ethane 
 DBDPE Decabromodiphenyl ethane 
Carbon-
labeled 
NBFRs 
13C-BTBPEa 1,2-bis(2,4,6-tribromo[13C12]phenoxyethane 
a Internal standard 
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Table S2. GC-(EI)-MS/MS acquisition parameters. 
  Quantitation Transition Confirmation Transition 
Compound RT (min) T1 (m/z) Dwell (ms) 
CE 
(eV) T2 (m/z) 
Dwell 
(ms) 
CE 
(eV) 
BDE-28 5.70 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
PBT 5.72 485.5 ® 247.0 10 20 485.5 ® 326.0 10 20 
BDE-37 (RS) 5.84 405.8 ® 246.0 10 20 408.0 ® 248.1 10 5 
PBEB 5.84 499.7 ® 484.6 10 20 499.7 ® 420.5 10 20 
HBB 6.21 552.0 ® 391.8 15 25 549.5 ® 389.7 10 25 
BDE-47 6.34 325.8 ® 216.8 10 45 325.8 ® 218.8 10 20 
13C-BDE-47 (SS) 6.34 497.7 ® 338.0 12 25 495.7 ® 336.1 12 45 
BDE-77 (RS) 6.61 486.0 ® 326.0 10 45 326.0 ® 138.0 10 20 
BDE-100 6.81 563.6 ® 403.7 10 35 403.7 ® 296.7 16 35 
EH-TBB 6.97 420.5 ® 233.0 10 30 420.5 ® 311.5 10 30 
BDE-99 6.97 563.6 ® 403.7 10 20 565.6 ® 405.6 10 20 
13C-BDE-99 (SS) 6.97 577.7 ® 417.8 10 40 417.3 ® 309.0 13 55 
BDE-154 7.35 643.6 ® 483.8 10 25 483.7 ® 374.9 14 25 
BDE-153 7.56 643.6 ® 483.8 14 40 483.7 ® 323.6 10 40 
13C-BDE-153 (SS) 7.56 655.6 ® 495.8 10 25 495.7 ® 386.9 10 25 
BDE-183 8.11 561.7 ® 454.9 21 20 721.6 ® 561.8 10 25 
BTBPE 8.27 356.5 ® 118.0 16 40 356.5 ® 90.0 16 60 
13C-BTBPE (SS) 8.27 362.5 ® 124.0 10 30 362.5 ® 96.0 10 60 
BEH-TEBP 8.45 464.5 ® 220.7 10 30 464.5 ® 380.9 10 55 
BDE-209 11.33 799.4 ® 639.5 67 55 639.6 ® 530.7 52 55 
13C-BDE-209 (SS) 11.33 811.8 ® 651.4 61 55 651.5 ® 543.6 57 55 
DBDPE 12.68 484.5 ® 324.5 113 25 484.5 ® 403.5 136 55 
RT= retention time, SS= internal surrogate standards, RS= internal recovery standard, CE= collision energy. 
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Table S3. Quantitation parameters, method detection and method quantitation limits. 
Compound Quantitation SS CC R2 MQL (ng/g) MDL (ng/g) 
BDE-28 13C-BDE-47 0.99901 5.8 1.7 
BDE-47 13C-BDE-47 0.99987 5.7 1.7 
BDE-99 13C-BDE-99 0.99999 4.0 1.2 
BDE-100 13C-BDE-99 0.99997 1.2 0.35 
BDE-153 13C-BDE-153 0.99996 1.2 0.35 
BDE-154 13C-BDE-153 0.99971 1.2 0.35 
BDE-183 13C-BDE-153 0.99950 5.7 1.7 
BDE-209 13C-BDE-209 0.99931 120 35 
PBT 13C-BDE-47 0.99933 1.1 0.33 
PBEB 13C-BDE-47 0.99913 1.1 0.33 
HBB 13C-BDE-47 0.99914 0.58 0.41 
EH-TBB 13C-BTBPE 0.99991 2.2 0.67 
BEH-TEBP None 0.98504 26 7.8 
BTBPE 13C-BTBPE 0.99990 2.2 0.66 
DBDPE 13C-BDE-209 0.99536 990 300 
SS= internal surrogate standard, CC= calibration curve, MQL= method quantitation limit, MDL= method detection limit. 
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Table S4. Recovery (%) of PBDEs and NBFRs in laboratory control samples (LCSs). 
Compound LCS1 LCS2 LCS3 LCS4 LCS5 LCS6 Mean St Dev Min Max 
BDE-28 112 114 116 107 111 112 112 3 107 116 
BDE-47 93 90 97 94 97 97 95 3 90 97 
BDE-99 96 95 98 99 100 97 98 2 95 100 
BDE-100 110 110 110 110 110 110 110 0 110 110 
BDE-153 90 90 92 93 95 94 92 2 90 95 
BDE-154 89 89 91 90 107 94 93 7 89 107 
BDE-183 89 96 96 96 99 92 95 4 89 99 
BDE-209 125 101 106 104 81 101 103 14 81 125 
PBT 89 92 94 88 89 91 91 2 88 94 
PBEB 86 88 90 83 84 84 86 3 83 90 
HBB 101 101 99 93 91 95 97 4 91 101 
EH-TBB 85 82 90 91 68 85 83 8 68 91 
BEH-TEBP 49 51 42 42 38 45 44 5 38 51 
BTBPE 99 99 102 102 83 101 98 8 83 102 
DBDPE 121 112 112 115 111 130 117 7 111 130 
 
 
 
Table S5. Concentrations measured in duplicate analyses of dust samples (ng/g). 
Compound 
V1 H10B O2A O1B H5B H10L 
a b a b a b a b a b a b 
BDE-28 <MQL <MQL nd nd 690 920 630 480 nd nd nd <MQL 
BDE-47 18 240 52 64 82,000 110,000 190,000 560,000 <MQL <MQL 40 42 
BDE-99 30 350 75 90 100,000 250,000 340,000 1,000,000 230 200 43 46 
BDE-100 64 84 18 22 9,700 37,000 57,000 190,000 nd nd <MQL 10 
BDE-153 35 34 7.7 9.2 7,500 10,000 26,000 96,000 nd nd 6.6 6.2 
BDE-154 9.3 25 5.6 6.4 5,200 10,000 26,000 11,000 15 nd <MQL 4.7 
BDE-183 <MQL nd <MQL nd 340 540 640 590 nd nd <MQL <MQL 
BDE-209 3,900 5,200 1,900 1,300 1,700 1,600 1,800 1,700 4,500 5,900 2,400 2,400 
PBT nd nd nd 40 nd nd nd nd nd nd nd nd 
PBEB nd nd nd nd nd nd nd nd nd nd nd nd 
HBB nd 3.1 nd 3.8 8.40 nd nd nd nd nd nd 1.3 
EH-TBB 170 110 9.6 6.0 25 23 nd nd <MQL nd nd 7.4 
BEH-TEBP* 62 <MQL <MQL <MQL 150 <MQL nd nd nd nd <MQL <MQL 
BTBPE <MQL <MQL <MQL nd nd nd nd nd nd nd nd nd 
DBDPE nd 1,600 2,300 12,000 1,600 1,700 1,600 1,600 1,400 1,700 1,500 1,900 
a and b represent concentrations measured from individual extraction and analysis of samples V1) vehicle 1, H10B) house 10 bedroom, O2A) office 2 
sample A, O1B) office 1 sample B, H5B) house 5 bedroom and H10L) house 10 living room. nd= not detected and <MQL= below method quantitation 
limit.  
* BEH-TEBP concentrations are indicative only. Refer to Sections 2.3 and 2.4 for description of quantitation 
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Table S6. Sample location information. 
Sample ID Environment Location Room/Sample Room Size  (m3) Ventilation 
Carpet  
(Y/N) No. Elect No. PUF 
H1B House 1 Bed 24 Natural N 3 1 
H1L House 1 Living  96 Natural and AC N 10 4 
H2B House 2 Bed 60 Natural and AC Y 4 1 
H2L House 2 Living  72 Natural and AC N 8 2 
H3B House 3 Bed 18 Natural and AC N 1 1 
H3L House 3 Living  40 Natural and AC N 8 2 
H4B House 4 Bed 12 Natural Y 3 1 
H4L House 4 Living  12 Natural Y 7 1 
H5B House 5 Bed 27 Natural Y 4 1 
H5L House 5 Living  36 Natural N 5 2 
H6B House 6 Bed 18 Natural N 4 1 
H6L House 6 Living  27 Natural N 6 3 
H7B House 7 Bed 27 Natural and AC Y 2 2 
H7L House 7 Living  90 Natural and AC N 5 3 
H8B House 8 Bed 48 Natural Y 5 2 
H8L House 8 Living  54 Natural Y 8 3 
H9B House 9 Bed 24 Natural and AC Y 1 1 
H9L House 9 Living  40 Natural and AC N 8 4 
H10B House 10 Bed 27 Natural Y 2 1 
H10L House 10 Living  60 Natural and AC Y 7 4 
H11B House 11 Bed 27 Natural Y 5 2 
H11L House 11 Living  45 Natural N 14 6 
H12B House 12 Bed 27 Natural Y 7 5 
H12L House 12 Living  27 Natural and AC Y 1 8 
O1A Office 1 A 180 AC Y 54 18 
O1B Office 1 B 180 AC Y 54 18 
O2A Office 2 A 300 AC Y 60 20 
O2B Office 2 B 300 AC Y 60 20 
O3A Office 3 A+B 90 AC Y 60 7 
O4A Office 4 A 3600 AC Y >200 >50 
O4B Office 4 B 3600 AC Y >200 >50 
O5A Office 5 A+B 1200 AC Y >200 >50 
O6A Office 6 A+B 900 AC Y >200 >50 
O7A Office 7 A 90 AC Y 15 5 
O7B Office 7 B 90 AC Y 15 5 
O8A Office 8 A 1050 AC Y 200 100 
O8B Office 8 B 1050 AC Y 200 100 
              
Sample ID Environment Location Seat Covers Manufacture date       
V1 Vehicle 1 Fabric 2002         
V2 Vehicle 2 Fabric 2015         
V3 Vehicle 3 Fabric 2010         
V4 Vehicle 4 Fabric 2003         
V5 Vehicle 5 Fabric 1999         
V6 Vehicle 6 Leather 2013     
V7 Vehicle 7 Fabric 2003     
V8 Vehicle 8 Leather 2004     
No. elect refers to number of electronic item per room (not including lighting fixtures). No. PUF refers to number of polyurethane foam-containing 
furniture items. 
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Figure S1. Temporal duplicates. Blue and orange columns in 
individual figures show concentrations of brominated flame 
retardants in indoor dust (ng/g) in 2 samples taken from the 
same location following an interval of 2 months. September 
2017 samples are shown in blue, November 2017 samples 
shown in orange. H1B) house 1 bedroom, H1L) house 1 living 
room, O2A) office 2 sample A, O2B) office 2 sample B, V2) 
vehicle 2.  
BEH-TEBP concentrations are indicative only. Refer to Sections 2.3 
and 2.4 for description of quantitation 
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Figure S2. Variations in BFR abundance profiles and concentrations in dust within indoor environments. Pie 
charts indicate sample location for 1) lower floor living room, 2) lower floor bedroom, 3) upper floor living room, 4) 
upper floor bedroom of a single house and 5) interior walkway, 6) under desk, 7) beside printer and 8) external 
passage way from a single office space. 
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 BDE-47 BDE-99 BDE-100 BDE-153 BDE-154 BDE-209 HBB EH-TBB DBDPE ∑Penta-BDE ∑PBDE 
BDE-99 0.905 <0.001           
BDE-100 0.965 <0.001 
0.925 
<0.001          
BDE-153 0.900 <0.001 
0.879 
<0.001 
0.923 
<0.001         
BDE-154 0.802 <0.001 
0.880 
<0.001 
0.819 
<0.001 
0.765 
<0.001        
BDE-209 0.140 0.360 
0.269 
0.074 
0.206 
0.175 
0.262 
0.083 
0.132 
0.386       
HBB 0.280 0.062 
0.252 
0.094 
0.317 
0.034 
0.304 
0.042 
0.221 
0.145 
0.362 
0.015      
EH-TBB 0.270 0.073 
0.197 
0.194 
0.258 
0.087 
0.146 
0.339 
0.198 
0.193 
0.105 
0.493 
0.227 
0.134     
DBDPE 0.328 0.028 
0.253 
0.094 
0.319 
0.033 
0.220 
0.146 
0.294 
0.050 
0.180 
0.236 
0.234 
0.122 
0.180 
0.238    
∑Penta-BDE 0.958 <0.001 
0.984 
<0.001 
0.959 
<0.001 
0.904 
<0.001 
0.874 
<0.001 
0.247 
0.102 
0.281 
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0.289 
0.054   
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0.503 
<0.001 
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<0.001 
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<0.001  
∑NBFRs 0.367 0.012 
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0.018 
0.238 
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0.179 
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0.131 
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<0.001 
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Figure S3. PBDE and NBFR concentration correlations in indoor dust samples from homes, offices and vehicles. Cells contain 
Spearman correlation coefficients (top value) and p-value (bottom value). Statistically significant correlations (p < 0.05) are shown in 
bold. Measurements which were below method quantitation limits (<MDL) were assigned a value of half the MDL and measurements 
below method detection limit were assigned a value of zero for statistical calculations. PBEB was not detected in any sample. 
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 Chapter 8. 
Summary and conclusions 
This thesis reports on an important group of contaminants, brominated flame retardants, in 
indoor and outdoor environments of Melbourne, Australia. The hazards associated with 
polybrominated diphenyl ethers have been known for decades, with early research from the 1980s 
and 1990s describing a host of toxicological and environmental concerns (ICPS, 1994). Scientific 
study of these compounds accelerated through the 1990s and 2000s to produce strong evidence of 
ubiquitous accumulation of PBDEs in environmental compartments and biota, including humans. 
With the advent of modern molecular techniques, investigations into the endocrine disrupting 
properties of PBDEs elucidated specific dangers relating to alteration of thyroid and reproductive 
hormone systems (Eskenazi et al., 2017; Ghassabian & Trasande, 2018; Guo et al., 2018; Yu et al., 
2018). These discoveries eventually culminated in regulatory action in a number of countries, 
beginning with the EU’s restriction of penta- and octa-BDE products in 2003 (EU, 2003), and most 
recently with USA manufacturers’ withdrawal of deca-BDE in 2012 (USEPA, 2010a) and the EU’s 
extended restrictions on deca-BDE last year, in 2017 (EU, 2017). Registration of each of the major 
commercial preparations of PBDEs under the United Nations Stockholm Convention on Persistent 
Organic Pollutants (POPs) remains the most powerful indication of multinational determination to 
prevent the proliferation of these compounds (UNEP, 2009; UNEP, 2017). 
Despite this history of research into the dangers of PBDEs, when Australia’s National 
Environment Protection Council (NEPC) first introduced a health investigation level (HIL) for soils in 
2013 there were no published records of PBDE concentrations in this matrix from anywhere in 
Australia, with the exception of a handful of samples measured as part of an atmospheric exposure 
assessment. The NEPC assessment highlighted human exposure hazards via ingestion and dermal 
absorption of PBDEs in contaminated soils and proposed concentration limits based on residential, 
recreation and commercial land-use categories. This new legislation was a key driver for 
undertaking the research presented Chapters 3-6 of this thesis. 
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 Further to the central objective of providing baseline data on PBDEs in Australian soils, this 
thesis aimed to document, for the first time, the incidence of novel brominated flame retardants 
(NBFRs) in the Australian environment. Despite the terms “novel”, “new” and “emerging” most often 
applied to this diverse group of brominated flame retardants, many of these formulations have been 
in production and use since as early as the 1970s. It has been the apparent increased application as 
replacements for the now mostly decommissioned PBDE formulas that has led to new global 
research focus. Information contained in Chapter 1 regarding production volumes and usage of 
individual NBFR compounds was used to determine which of the many emerging products were the 
most important to investigate in terms of environmental distribution and human exposure. 
 
8.1 Analysis of brominated flame retardants 
Perhaps a major contributor to the lack of data on PBDEs or NBFRs in soils in Australia has been 
the high financial cost of analysing PBDEs in complex matrices. Traditional methods of extraction 
are typically labour intensive while solvents, chromatographic adsorbents, analytical standards and 
quantitative instrumentation each contribute to the cost. Chapter 3 of this document has, therefore, 
focused on the development of an efficient and reliable extraction and quantitation protocol with the 
aim of reducing the process to a minimum number of steps. Typically, exhaustive extraction 
methods such as Soxhlet extraction require extended times ranging 16 to 48 h to achieve 
comprehensive removal of analytes from environmental matrices. Resulting extracts must then be 
passed through separate cleanup processes such as gravity fed column chromatography to remove 
co-extracted lipids and organic molecules that would otherwise interfere with quantitative analysis. 
On the other hand, newer techniques such as quick, easy, cheap, effective, rugged and safe 
(QuECheRS) solid phase extraction, which have succeeded in decreasing processing times, often do 
so at the expense of effective removal of matrix interferences so that some analytical sensitivity is 
forfeited.  
Chapter 3 describes the establishment of an efficient, sensitive and reliable method for the 
analysis of eight PBDE congeners and seven NBFRs using automated selective pressurized liquid 
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 extraction (S-PLE) and gas chromatography coupled to tandem mass spectrometry (GC-MS/MS). 
Repeated spike and recovery tests showed the method to be accurate and precise down to low and 
sub ng/g concentrations for most analytes in soil while reducing sample preparation times and 
consumption of reagents with respect to traditional procedures. 
The extraction method, which utilized in-cell cleanup via a mixture of destructive and 
chromatographic sorbents, delivered high recoveries and clean extracts suitable for evaporation and 
analysis without further purification steps. As described in detail through Chapter 3, a range of 
sorbent combinations were trialed for their capacity to remove matrix components. These tests 
revealed that the cleanup provided by acidified silica was crucial to immobilize lipids and waxes 
within the extraction cell. While PBDEs have been demonstrated to be stable in acidified matrices the 
NBFRs studied in this thesis represented a diverse range of chemical structures which had not been 
comprehensively assessed in this respect. BTBPE, EH-TBB and BEH-TEBP were found to be 
susceptible to degradation using the 40% w/w acid silica preparations typical of PBDE analysis 
although BTBPE and EH-TBB could be recovered sufficiently from a 10% w/w formulation. Poor 
recovery of BEH-TEBP appears to have been compounded by a higher polarity than that of PBDEs, 
such that higher proportions of dichloromethane in the extraction are the only way to achieve 
acceptable recovery. Results discussed in Chapter 3 show the optimized S-PLE method to be robust 
and reliable, while the reduction in analyst labour and consumption of solvents and sorbent 
materials result in a more economical method without losses in sensitivity or selectivity. 
 
8.2 Land contamination 
Chapters 4 and 5 aimed to determine the current state of land contamination by PBDEs and 
NBFRs in the soils of Melbourne. These chapters provide Australia’s first baseline data against which 
to assess the implications of the NEPC’s HIL regarding mono-nona-BDEs as well as measurements of 
the unregulated BDE-209 and six major NBFRs. Thirty surface soil samples were taken within the 
Greater Melbourne area to encompass the major BFR point sources identified in Chapter 2, as well 
as a number of urban reference samples. Sample locations were classified by land-use as 
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 manufacturing sources (general chemical and polymer manufacturing industries), waste disposal 
sources (domestic dumpsite, waste incinerators and electronic waste recyclers) and non-source sites 
(residential, urban parkland and background). This study design was intended to provide baseline 
contamination levels within the urban environment and also illustrate which types of industries may 
be key point sources to soil. 
All samples were analysed using the S-PLE and GC-MS/MS methods optimized and validated in 
Chapter 3. Ongoing quality assurances were built into the study to show that soil spike and recovery 
tests continued to demonstrate excellent precision and accuracy while internal surrogate standards 
were recovered from all thirty soil samples within the guidelines set out by the USEPA’s Method 
1614A (USEPA, 2010c). 
Results revealed PBDE and NBFR contamination of soils to be widespread within the Melbourne 
metropolitan area. BDE-209 was the most prevalent compound in soils, with average contributions of 
75.5% to ∑PBDEs and 68.0% to the total measured BFR load in soils. This finding is significant with 
respect to the current HIL guidelines as BDE-209 is currently the only PBDE congener exempt from 
the framework. Furthermore, in approximately 1/3 of samples, concentrations of ∑6NBFRs measured 
in this work exceeded those of the ∑7PBDEs which represent the major congeners regulated under 
the HIL. Although the total concentration of regulated HIL congeners was found to be well below the 
current limit of 1000 ng/g in all samples (<70.5 ng/g dw) it might be postulated that these 
compounds constitute a relatively small portion of the BFRs present in Melbourne’s soils.  
Measurements at non-point sources revealed low levels of PBDEs to be present in all six samples. 
This may suggest specific point sources at these locations such as garden furniture and playground 
equipment or indicate diffuse contamination resulting from short- to medium-range atmospheric 
transport of PBDEs from manufacturing or waste disposal sources within the city. Conversely, just 
two of the background samples contained NBFRs each detected below quantitation limits. Point 
sources of PBDE and NBFR contamination were found to be similar to those demonstrated in the 
literature review of Chapter 2. This work provides a strong indication that secondary manufacturing 
such as automobile upholstery production, thermoplastic extrusion and expanded polystyrene 
fabrication have the potential to contaminate surrounding soils with BFRs. Despite the high 
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 temperatures required for many polymer manufacturing processes that might suggest these 
industries to be likely candidates for fugitive emission of BFRs, very few studies have investigated 
this means of release. Levels of contamination among waste disposal source sites in Melbourne were 
marginally higher than those of manufacturing sites and were broadly similar to those seen in the 
many studies outside of Australia. Among the key findings within Chapters 4 and 5 was the incidence 
of PBDE concentrations at electronic waste recycling sites 1-3 orders greater than those at all other 
point sources. Results in Chapters 4 and 5 relating specifically to the PBDE and NBFR contamination 
potential of e-waste facilities in Melbourne were incorporated into a Regulatory Impact Statement 
(RIS) co-authored by the Victorian State Government Department of Land, Water and Environment 
(DELWP) and the Environment Protection Authority (EPA) of Victoria; 
 
“Researchers at RMIT University recently analysed surface soil samples from 30 
sites adjacent to manufacturing, waste disposal and non-industrial sites across 
greater Melbourne. Two sites out of the 30 sampled, were next to e-waste 
reprocessing facilities and were found to contain the highest levels of PBDEs. 
Following the phasing out of PBDEs through legislative bans and voluntary 
withdrawals in North America, Europe, and Australia from the mid-2000s, 
manufacturers have increasingly used novel brominated flame retardants 
(NBFRs) as replacements. The RMIT University study also tested the same soils for 
NBFRs as early research has shown that these retardants are released into the 
environment by the same means as PBDEs and share similar toxic 
characteristics. The soil tested close to the same two e-waste reprocessing 
facilities was also found to contain high levels of NBFRs in comparison to other 
sites.” 
 
The RIS, prepared in accordance with the requirements of the Subordinate Legislation Act 1994, 
resulted in amendments to the Environment Protection (Scheduled Premises) Regulations in 2017 to 
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 include, for the first time, licensing requirements for all Victorian e-waste recycling facilities 
processing more than 500 t/y. 
 
Findings relating to elevated levels of PBDEs and NBFRs at e-waste facilities necessitated further 
investigation, particularly as these industries only made up two samples in the original studies. 
Consultation with EPA Victoria regarding the main concerns for the regulatory body helped to define 
the main objectives of Chapter 6; a) confirming the concentrations of PBDEs and NFBRs adjacent to 
e-waste facilities in Melbourne, b) investigating the degree to which concentrations of PBDEs and 
NBFRs are elevated above urban reference levels and, c) determining the distance over which e-waste 
facilities may contribute to PBDE and NBFR land contamination. 
Two individual e-waste recycling facilities were selected in the city of Melbourne and a sampling 
strategy was designed to assess concentrations in soils by collecting samples in approximately 
concentric circles of ~20 m, ~200 m, ~400 m and 800 m. Statistical analysis revealed that 
concentrations in soils close to the facilities were elevated above reference sites by a statistically 
significant margin for some compounds. Correlation and regression analyses further supported the 
hypothesis that concentrations were negatively associated with distance from facilities. In the context 
of the newly legislated Scheduled Premises Regulations which stipulates that wastes are not to be 
discharged or emitted beyond the boundaries of facilities, this work suggests that improved pollution 
mitigation controls are required at e-waste facilities in Melbourne. As this study is the first to show 
such levels of PBDE and NBFR contamination emanating from formal e-waste facilities outside of 
Asia and West Africa, these findings are also likely to have strong implications for land 
contamination in developing countries where e-waste recycling practices are similar to those in 
Melbourne. 
A human exposure assessment conducted based on the soil concentrations within 900 m of the 
two e-waste facilities using recently predicted human soil ingestion rates found rates of exposure to 
be very low in relation to the major well documented routes of indoor dust ingestion and dietary 
exposure (FSANZ, 2007; Fromme et al., 2016).  
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 8.3 Indoor dust contamination and implications for human 
exposure 
 
To complement the assessments of human exposure to PBDEs and NBFRs via soil ingestion, 
PBDE and NBFR exposure via ingestion of contaminated indoor dust was evaluated. Measurements of 
PBDEs and NBFRs in indoor dust also provide an important account of the composition of flame 
retardants in products currently in use in Australian environments to coordinate with the BFR usage 
patterns suggested by analysis of soils at manufacturing and waste disposal sites.  
A total of 57 samples were collected from 12 homes, 8 offices and 8 vehicles in the city of 
Melbourne and extracted using a modified S-PLE protocol based on Chapter 3 methods. Experiments 
involving extraction solvent composition in Chapter 3 showed that BEH-TEBP could be recovered at 
low but consistent levels without effects to the extraction efficiency of other compounds by 
increasing the proportion of DCM used in extraction. Typically, increasing the proportion of DCM 
used in the extraction causes a greater co-elution of interfering matrix compounds. Due to the fact 
that the mass of dust required for extraction (100 mg) was ~ 1/30th of that processed in soil 
extractions, it was found that adequately clean extracts could be achieved by using the Chapter 3 S-
PLE method with the solvent composition adjusted to 95:5 DCM/hexane in order to include BEH-TEBP 
in analyses on a semi- quantitative basis.  
PBDEs and NBFRs were detected in samples at concentrations typically 2-3 orders of magnitude 
greater than those measured in most soil samples. Median BFR concentrations in the dust of offices 
were found to be the highest of the three microenvironments, followed by that of vehicles and then 
homes. This trend is likely due to the density of electrical equipment and office furniture present in 
offices to act as potential sources of emission to dust. BDE-209 was again the most prevalent PBDE 
congener, although the NBFR DBDPE was found to contribute similar proportions to overall 
contamination as BDE-209 in each of the studied microenvironments. This indicates that DBDPE 
may be at least as prevalent as deca-BDE flame retardant formulations in the consumer products in 
Melbourne’s indoor environments. This may suggest that this will eventually translate to an 
increased incidence of DBDPE and other NBFRs in soils at waste disposal sites in Melbourne, 
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 particularly e-waste recycling facilities, as these are likely ultimate destinations for much of 
Melbourne’s current use office equipment. 
Predicted intake of BFRs via dust ingestion and inhalation in Melbourne environments was found 
to be approximately equivalent to that estimated through dietary intake. Human exposure via dust 
was found to be roughly 2-3 order above that experienced via soil ingestion for populations living in 
close proximity to Melbourne’s e-waste recycling facilities. The majority of exposure via dust was 
predicted to occur in the home for both adults and toddlers except for adults working in offices with 
concentrations of BFRs in the upper percentiles. Toddlers were also predicted to experience rates of 
body weight corrected BFR exposure 1-2 orders above that of adults. 
 
8.4 Future research and recommendations 
This research has demonstrated that NBFRs are being used in Melbourne’s manufacturing 
industries, are present in the materials and goods currently in use in Melbourne, and have made 
their way into waste streams. While the NBFR compounds studied in this work provide a strong 
indication of the current state of contamination in Melbourne’s indoor and outdoor environments, a 
number of other brominated compounds have been detected in studies outside Australia (McGrath 
et al., 2017). Absolute numbers are hard to determine but an estimated 75 NBFRs have been 
produced (Covaci et al., 2011), while a variety of organophosphate and chlorinated flame retardants 
have also been used in consumer goods (Wong et al., 2017). As such, a broader suite of compounds 
should be analysed in further studies to gain a more comprehensive assessment of total flame 
retardant environmental contamination and human exposure in Australia. Developments in 
quadrupole time of flight (Q-TOF) instrumentation for suspect and non-targeted screening of 
samples may also provide powerful insights into true composition of contaminants. 
 
In considering the NEPC’s HIL guidelines for PBDEs in soil, the results of this work demonstrate 
that omission of BDE-209 from the framework serves to vastly underestimate the true land 
contamination status and inherent risks to human health. While BDE-209 was excluded from the HIL 
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 on the basis of having lower toxicity and bioaccumulation potential, a considerable body of research 
has demonstrated the deca-BDE constituent to present similar risks to health as its lower-
brominated counterparts. Furthermore, microbial and photolytic degradation of BDE-209 to less 
brominated PBDEs has been demonstrated to suggest that congeners which are more bioactive and 
bioaccumulative may be produced in soil from the fully brominated form (Wu et al., 2018; Zhao et 
al., 2018), thus contributing to health burdens over time. 
 
With respect to assessments of human exposure to PBDEs and NBFRs presented here and 
elsewhere, a major impediment to accurate predictions of potential harm is the lack of definitive 
information on internal bioaccessibility of these compounds. Consequently, most studies have used 
a standard assumption of 100% uptake of ingested BFRs to provide a conservative measure of 
exposure although the degree to which this may overestimate internal exposure is relatively 
unknown. On the other hand, recent research by Abdallah and Harrad (2018) has predicted dermal 
uptake of BFRs from direct contact with flame retarded furniture to constitute exposure that exceeds 
that previously estimated for dust ingestion and dietary intakes. As dermal uptake of these 
compounds is rarely addressed in human exposure assessments this may mean that overall 
exposure is in fact occurring at greater rates than previously calculated. Investigation of dermal 
uptake of PBDEs and NBFRs is, therefore, strongly warranted. 
 
8.5 Conclusion 
This doctoral thesis investigates the occurrence and fate of PBDEs and NBFRs in Australian 
indoor and outdoor environments with the central objective of elucidating major pathways of human 
exposure to the emerging compounds in relation to their banned legacy counterparts. An efficient 
and reliable protocol for the analysis of PBDEs and NBFRs was developed using selective pressurized 
liquid extraction (S-PLE) and gas chromatography coupled to tandem mass spectrometry (GC-
MS/MS) to aid in rapid quantitation of these compounds in environmental samples. The analytical 
method was used to achieve key research aims by revealing that both PBDEs and NBFRs are 
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 widespread in Melbourne’s soils and that electronic waste recycling in the city has a high potential to 
contaminate surrounding land. Furthermore, this research reveals pervasive contamination of 
Melbourne’s indoor environments, with BFR concentration in dust from local homes, offices and 
vehicles among the highest in the world. Human exposure risk assessments suggested that ingestion 
of PBDEs and NBFRs via contaminated dust in Melbourne’s indoor environments occurs at a similar 
rate to dietary intake while exposure via ingestion of soil in the vicinity of e-waste recycling sites was 
predicted to be negligible for adults and very low for toddlers. This work shows that replacement 
NBFR compounds possess similar risks to human health as legacy PBDE contaminants and 
contributes important information regarding the fate of these compounds in the Australian 
environment. 
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